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Abstract 
As a branch of catalysis, electrocatalytic energy conversion reactions have been extensively 
studied and widely applied in industry. Hydrogen evolution reaction (HER), oxygen 
evolution reaction (OER) and oxygen reduction reaction (ORR) are the most common 
electrocatalytic reactions, which have been utilized in water splitting, fuel cells, and zinc-air 
batteries, and so on. The ideal benchmark catalysts for these reactions are noble metal based 
catalysts, like platinum (Pt), ruthenium (Ru) and iridium (Ir). However, their high cost and 
instable catalytic performance during long-term usage make it impractical to use them on a 
massive scale. To develop a commercially affordable electrocatalyst with a promising activity, 
a series of catalysts originated from the defective two-dimensional (2D) nanomaterials 
emerged, such as carbon, transition metal oxides and transition metal dichalcogenides. Their 
atomic thickness, large lateral size, high surface-to-volume atom ratio and large specific 
surface area render them promising for numerous applications, such as (electro)catalysis, 
electronics, sensors, energy storage and conversion, and so on. Meanwhile, the defects 
existed on these 2D materials can significantly tailor their intrinsic physical properties even 
in an extremely low concentration, and thus great efforts have been devoted into the 
artificially surface defect engineering. But there are three major challenges that need to be 
addressed in the application of defects for improving the performance of the 2D materials, 
including the control of defect type and concentration, defect stabilization and active site 
structure characterization.   
This thesis focuses on developing the high-performance nonprecious metal catalysts through 
defect engineering for OER. The studies include the preparation of active 2D nonprecious 
metal nanosheets for OER catalysis through different novel synthesis strategies, and the 
investigation of the effect of the various defects, such as oxygen vacancies (Vo) and selenium 
vacancies (Vse), on the OER activities of the corresponding materials. It aims to explore the 
efficient strategies for defect engineering on various 2D nanomaterials, and pave a route for 
developing new high-performance OER catalysts based on nonprecious metals.  
In the first part of the experimental chapters, a facile solution reduction method using sodium 
borohydride as reductant is developed to prepare the amorphous iron-cobalt oxide nanosheets 
(FexCoy-ONS) with a large specific surface area (up to 261.1 m2 g-1), ultrathin thickness (1.2 
nm) and, importantly, abundant Vo. Particularly, the mass activity of Fe1Co1-ONS are clearly 
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superior to those of commercial RuO2 and crystalline iron-cobalt oxide nanoparticles. The 
promising OER catalytic activity of Fe1Co1-ONS can be attributed to its specific structure. Its 
ultrathin ONS could facilitate the mass diffusion/transport of OH- ions and provide more 
active sites for OER catalysis, while the Vo could enhance the electronic conductivity and 
promote the adsorption of H2O onto the nearby Co3+ sites. But as these Vo are in-situ created 
during the preparation process, their density cannot be controlled. 
Therefore, the second part focuses on the controllable tuning of Vo density on the 2D iron-
cobalt oxide (Fe1Co1Ox-origin) via hydrogen thermal treatment at different temperatures and 
hydrogen pressures. Notably, the hydrogen annealed iron-cobalt oxide at an optimized 
condition of 200 oC and 2.0 MPa exhibits a remarkably improved OER activity in 1.0 M 
KOH, 1.9 times that of Fe1Co1Ox-origin at an overpotential of 350 mV. The results reveal 
that the optimal Vo density on the 2D Fe1Co1Ox via hydrogenation can improve the electronic 
conductivity and promote the OH- adsorption onto nearby low-coordinated Co3+ sites, 
resulting in a significantly enhanced OER activity. 
To further stabilize the Vo during the highly oxidizing OER conditions, in the third part of 
the experimental chapters, the atomically distributed non-metallic elements, including sulfur 
(S), nitrogen (N), and phosphorus (P), were separately introduced onto the defective iron-
cobalt oxide (FeCoOx-Vo) surface. S atoms can not only effectively stabilize the Vo, but also 
create some extra Vo on the nearby Co sites, modulating the electronic structure of the oxide 
material to exhibit promising OER activity. When paired with the commercial 20% Pt/C, an 
overall water splitting current density up to 245.0 mA cm-2 can be achieved at the cell voltage 
of 2.0 V in 1.0 M KOH, which can meet with the requirement of industrial water splitting. 
The developed defect engineering strategies (vacancy creation and heteroatom doping) are 
applied in other nonprecious metal catalysts to prove their universality in enhancing the 
electrocatalytic activities of the materials. In the fourth part, Vse are firstly created on CoSe2-x 
via Ar plasma, then single Pt atoms are loaded on CoSe2-x through photoreduction to 
construct the atomically coordinated Pt-Co-Se moieties. Owing to the filling of single Pt 
atoms, CoSe2-x-Pt shows much better OER performance than single Ni and even Ru atomic 
species filled CoSe2-x. Mechanism studies unravel that the single Pt can induce much higher 
electronic distribution asymmetry degree than both single Ni and Ru, and benefit the 
interaction between the Co sites and adsorbates (OH*, O*, and OOH*) during OER process, 
leading to a better OER activity. 
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1.1 Background 
In recent times, the sharply increasing demand for energy, fast depletion of fossil fuels, and 
the serious global warming problem caused by massive fossil fuel combustion are forcing the 
scientific communities to develop substitutive energy resources. Among the potential 
candidates, renewable energies obtained from electrochemical systems, wind, fuel cell, and 
hydropower etc. are paid high attention due to their renewability and benignity. Hydrogen 
(H2), owing to its high energy density and zero release during combustion, has been 
considered to be a promising renewable energy and an alternative for fossil fuels. Currently 
H2 production still relies on the natural gas reforming process, and therefore suffers from low 
purity (CO byproduct) and high cost. Instead, using electricity or sunlight, H2 of high purity 
can be produced by splitting water into H2 (hydrogen evolution reaction, HER) and O2 
(oxygen evolution reaction, OER). However, due to the sluggish anodic OER of water 
splitting, where O-H bond breakage and following O-O bond formation are necessary, a large 
overpotential (η) is required to produce H2 at a practical rate, leading to the low water 
electrolysis efficiency. Actually, the electrochemical water splitting today only satisfies 4% 
of the global H2 demand because of its high electricity consumption1. To make H2 fuel 
feasible for large-scale application, the electricity cost portion in H2 production should be 
lower than 1.60 $ kg-1 (US-DOE)1. But up to now, the electricity consumption amounts of 
most industrial electrolyser systems are in the range of 48 to 60 kWh kg-1 H22. Accordingly, 
even the electricity price may be reduced to 0.037 $ kWh-1 by 2020, the minimum electricity 
cost of H2 is still as high as 1.78 $ kg-1, exceeding the DOE’s target3. Therefore, efficient 
OER catalysts are indispensable to improve the energy efficiency and cycling stability of the 
electrolyser systems. Ruthenium oxide (RuO2) and iridium oxide (IrO2) are the most widely 
used and efficient OER catalysts, but even these require η in excess of 200 mV to reach the 
desired current density of 10 mA cm-2. Moreover, the scarcity of Ir and Ru, and their instable 
catalytic performance during long-term usage make it impractical to use these metals on a 
massive scale. Therefore, the accessibility of H2 economy relies on the discovery and 
development of more-efficient, and stable OER catalysts based on earth-abundant metals.  
Two-dimensional (2D) nanomaterials, including graphene, graphitic carbon nitride, transition 
metal oxides (TMOs), transition metal dichalcogenides (TMDs) and layered double 
hydroxides (LDHs), have attracted great research interest because of their unique chemical 
and physical properties4, 5. Their atomic thickness, large lateral size, high surface-to-volume 
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atom ratio and large specific surface area render them promising for numerous applications, 
like (electro)catalysis, electronics, sensors, energy storage and conversion, and so on5. But 
actually it is scarcely possible to prepare a perfect crystal with no defects. Defects widely 
exist in the nanomaterials, and can significantly modify their electronic and surface properties 
even at a very low density. Through introducing a suitable amount of defects, the 
conductivity, charge redistribution and reactant adsorption energy of the 2D nanomaterials 
can be optimized, so as to improve their application performance in sensing, catalysis, 
electronics and spintronics6, 7. 
 
Figure 1-1. The different kinds of defects and their positive effects on electrocatalysts7. 
Reproduced with permission from ref 7. Copyright 2017, Wiley-VCH. 
There are various types of defects in materials, such as point defects, line defects, plane 
defects and volume defects7. Among them, the point defects have been intensively studied, 
which include intrinsic defects of the carbon, anion vacancies, cation vacancies, antisite 
defects and dopant atoms (Figure 1-1). They can significantly affect the chemical and 
physical properties of the 2D nanomaterials.  
 
1.2 Research gap 
Three major challenges exist in the application of defects for improving the performance of 
the 2D materials. Firstly, most of the reported defect creation methods cannot control the 
defect type and density accurately; therefore it is difficult to elucidate the fundamental 
relationship between the defects and the activity. Secondly, the defects may be damaged or 
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recombined under the harsh working conditions, and thus the performance of the materials 
may decay significantly during the application process. New strategies should be developed 
to stabilize the defects so as to keep the activity of the materials. Finally, as the actual defect 
structure may be altered during the electrocatalysis, the more advanced in-situ 
characterization tools should be developed to dynamically observe the evolution of defects.    
 
1.3 Scope and research contributions 
This thesis focuses on developing a high-performance nonprecious metal catalyst through 
defect engineering for OER, and studying the catalysis mechanism of defects and heteroatom 
doping on OER. Correspondingly, the objectives to be achieved in this project are specified 
as follows.  
 To prepare highly active 2D nonprecious metal nanosheets for OER catalysis through 
different novel synthesis strategies. 
 To investigate the fundamental relationship between the defects (including oxygen 
vacancies (Vo) and selenium vacancies (Vse)) and the OER activities of the materials.  
 To stabilize the vacancies and controllably tune the electronic structures of the 2D 
nanomaterials through heteroatom doping strategies.  
 To demonstrate the universality of the abovementioned strategies, and pave a route 
for developing new high-performance OER catalysts based on the defect engineering 
of nonprecious metals.   
 
1.4 Structure of thesis 
Chapter 1 Introduction 
This chapter gives an introduction of the thesis, and describes the scope and key contributions 
to the field of research.  
Chapter 2 Literature review  
This chapter gives a literature review on nonprecious metal catalysts (transition metal oxides, 
nitrides, phosphides, chalcogenides and metal-organic frameworks) for electrochemical 
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catalysis, including hydrogen evolution reaction (HER), oxygen evolution reaction (OER) 
and oxygen reduction reaction (ORR), the defect engineering strategies that applied to 
enhance the electrochemical catalysis activities of these metal catalysts in recent years are 
summarized. 
Chapter 3. Experimental methodologies 
This chapter summarizes the various methods applied in this project to develop and evaluate 
the 2D nanomaterials for OER, including sample synthesis, structure and morphology 
characterization tools, electrochemical tests, and density functional theory (DFT) calculations.   
Chapter 4. Ultrathin iron-cobalt oxide nanosheets with abundant oxygen vacancies for 
the oxygen evolution reaction 
In this chapter, a facile solution reduction method using NaBH4 as reductant is developed to 
prepare the iron-cobalt oxide nanosheets (FexCoy-ONSs) with ultrathin thickness (1.2 nm) 
and abundant Vo. Owing to its specific structure, the Fe1Co1-ONS shows a promising OER 
activity. This chapter has been published on the Adv. Mater. 2017, 29, 1606793. 
Chapter 5. Tuning oxygen vacancy on 2D iron-cobalt oxide nanosheets through 
hydrogenation for enhancing oxygen evolution activity 
In this chapter, a H2 thermal treatment method is applied to treat the 2D iron-cobalt oxide 
(Fe1Co1Ox-origin) under different temperatures and H2 pressures, aiming to controllably tune 
its Vo densities. Notably, the H2 annealed iron-cobalt oxide at an optimized condition of 200 
oC and 2.0 MPa exhibits an OER activity 1.9 times that of Fe1Co1Ox-origin in 1.0 M KOH at 
η= 350 mV, demonstrating the promoting role of Vo in the OER catalysis of the metal oxides. 
This chapter has been published on the Nano Res. 2018, 11, 3509-3518.  
Chapter 6. Atomic modulation of the oxygen vacancies in defective iron-cobalt 
nanosheets: an ultra-efficient oxygen evolution reaction catalyst 
In this chapter, S atoms are proven to not only play an effective role in stabilizing Vo, but 
also create some Vo on the nearby Co sites, so as to modulate the electronic structure of the 
oxide material to exhibit promising OER activity. When paired with the commercial 20% 
Pt/C, its overall water splitting current density can be as high as 406.0 mA cm-2 at the cell 
voltage of 2.3 V in 1.0 M KOH, which can meet the requirement of industrial water splitting. 
The manuscript of this chapter is still in processing, and will be submitted soon.   
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Chapter 7: Defect-induced Pt-Co-Se coordinated sites with highly asymmetrical 
electronic distribution for boosting oxygen-involving electrocatalysis 
In this chapter, the developed vacancy creation-heteroatom doping strategy is also applied on 
CoSe2 nanosheet to construct the atomically coordinated Pt-Co-Se moieties in CoSe2-x-Pt 
electrocatalyst. The filling of single Pt can induce a much higher electronic distribution 
asymmetry degree on CoSe2-x, and benefit the interaction between Co sites and adsorbates 
(OH*, O*, and OOH*) during OER process, leading to a better OER activity. This chapter has 
been published on the Adv. Mater. 2019, 31, 1805581. 
 Chapter 8. Conclusions and recommendations 
This chapter summarizes the findings from all the presented works in the previous chapters. 
Meanwhile, the chapter provides recommendations about the future research that can be 
carried out to develop cost-effective and high-performance electrocatalysts through 
controllable defect engineering 
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Energy can be stored by electrochemically splitting water to H2 (HER) and O2 (OER) gas, 
while their recombination (hydrogen oxidation reaction (HOR) and ORR) can offer clean 
electrical energy, producing the nontoxic water as by-product (Figure 2-1a)1. Similarly, 
energy can be stored through using a metal like zinc as the energy carrier (instead of H2), 
where the ORR and OER are involved (Figure 2-1b)2. However, as the kinetic limitation for 
the ORR and OER are often quite large, a large deviation from the half-cell potential, namely 
the η, is needed to achieve a high enough current (Figure 2-1c). To decrease the η, an 
efficient electrocatalyst for the O2 half-cell reaction is necessary. The activation barriers for 
the reaction can be significantly reduced owing to the stable intermediate states on an 
efficient catalyst surface (Figure 2-1d).  
 
Figure 2-1. (a) Oxygen and hydrogen cycle for energy storage and energy conversion. (b) 
Metal and oxygen cycle for energy storage and energy conversion. (c) Schematic of the 
overpotentials associated with H2 electrocatalysis (HER and HOR) and oxygen 
electrocatalysis (ORR and OER). (d) Schematic illustration of a prototypical reaction 
mechanism showing the reaction barriers without a catalyst and with a catalyst1. Reproduced 
with permission from ref 1. Copyright 2015, Royal Society of Chemistry. 
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In this chapter, the HER and ORR catalysis are briefly discussed, while the OER catalysis is 
reviewed in detail, including its mechanism, catalyst types and catalyst design strategies. 
Next, as the defects could remarkably affect the activity of the electrocatalysts, the various 
defect types, defect engineering strategies and defect characterization tools are summarized.  
 
2.1 Hydrogen evolution reaction  
2.1.1 Hydrogen evolution reaction mechanism 
The HER process would proceed via either Volmer-Tafel or Volmer-Heyrovsky mechanism 
depending on the surface of the catalysts, and it can be illustrated by a sequence of three 
steps3, 4. The different pH values of the electrolytes (acidic or alkaline) would lead to 
different reactants and intermediates in each step because of the different major species 
existing in the electrolytes5. In acidic solution, a proton is adsorbed onto an active site of 
catalyst and coupled with the electron to generate an adsorbed H atom (Hads), named Volmer 
reaction (Step 1). After that, H2 may be generated in two ways, including the Heyrovsky 
reaction and Tafel reaction. For Heyrovsky reaction, the Hads is protonated and further 
combined with an electron to yield H2 (Step 2). And for Tafel reaction, the H2 molecule is 
evolved via the combination of two Hads (Step 3). In alkaline solution, the Volmer step 
consists of the reduction of a water molecule and its adsorption onto the catalyst surface, 
generating a Hads and OH-. Subsequently, the Hads can either be attacked by water molecule to 
generate a H2 molecule and an OH- (Step 2), or combine with another Hads to produce a H2 
molecule directly (Step 3).  
Step 1: The Volmer step.  
H+ + e-       Hads     (acidic);     H2O + e-        Hads + OH- (alkaline) 
Step 2: Heyrovsky step. 
Hads + e- + H+       H2   (acidic);    Hads + e- + H2O       H2 + OH- (alkaline) 
Step 3: Tafel step. 
Hads + Hads       H2       
It should be noted that different reaction pathways and solution pH values would have great 
influences on the catalytic activity through changing the kinetic and thermodynamics 
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properties6. In acidic solution, the HER process only involves the reduction of a proton to a 
Hads and further to H2, suggesting that the strength of Hads-metal bond is strongly correlated to 
the HER activity of the catalysts. The interaction between catalyst and reactant or 
intermediate should be at a suitable level, which can be described with the volcano-shaped 
linear Gibbs free energy (△GH*) relationship shown in Figure 2-23, 6, 7. From the diagram, it 
can be clearly found that Pt is located at the peak, while the MoS2 shows a comparable 
performance to the noble metals (Pt, Pd, Rh and Ir), which are consistent with experimental 
studies7. Recently molybdenum8 and nickel based compounds9 also attract much attention 
owing to their fairly high HER activity with relative low cost. In alkaline solution, the HER 
process not only depends on the adsorption energy of the H atom, but also on the adsorption 
energy of water and the desorption energy of OH-. The additional parameters would make the 
HER process in alkaline solution more complicated, and render the catalysts’ performance to 
deviate from the volcano plot as well9. Therefore, to develop HER catalysts with promising 
activities in alkaline solution, the aforementioned parameters should all be considered.  
 
Figure 2-2. A volcano plot of exchange current density (j0) as a function of the △GH*5. 
Reproduced with permission from ref 5. Copyright 2014, Royal Society of Chemistry.  
2.1.2 Precious metal catalysts for HER 
Numerous precious metals have been investigated as HER catalysts, such as Pt, Pd, Ru and Ir, 
which showed promising HER activities in both acidic and alkaline solution3. Specifically, a 
mass activity of ~1000 A mg-1-Pt can be reached at η=60 mV on the optimized H2-pump 
membrane-electrode-assemblies experiments8. However, it is noteworthy that in practical 
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devices the real performance of Pt could be 2 orders of magnitude lower than the idealized 
lab-performance10. Moreover, the high cost and instability make it technically and 
economically unfeasible to use Pt on a massive scale. Thus, developing stable and low-cost 
HER catalysts that can be strongly resistant to poison is a crucial research topic.  
2.1.3 Nonprecious metal catalysts for HER 
Great efforts have been devoted to developing alternative materials to precious metal 
catalysts. For example, MoS2 is found to be highly stable in the strong acids, and therefore 
can be a potential HER catalyst in acid electrolyte. However, the calculation results from 
Hinnemann et al. revealed that only the sulfur atom on the Mo edges of MoS2 planes can be 
active sites for HER catalysts11. To improve the HER performance of the material, two major 
approaches are applied, one is the creation of active sites through making MoS2 extremely 
small, and the other is the electronic structure modification of the active sites through 
hybridizing MoS2 with specific materials, such as Au substrate and graphene. Aside from the 
MoS2, some other Mo based catalysts have also been developed, such as molybdenum boride, 
molybdenum carbide, molybdenum nitride and molybdenum phosphide, which showed 
competitive HER activities in acidic solution8. 
Nickel metal with high surface area can provide a promising HER activity in alkaline solution, 
while the introduction of additional elements into the metallic Ni can further improve its 
reactivity.  The trend of Ni-based binary alloys would follow Ni-Mo > Ni-Zn > Ni-Co > Ni-
W > Ni-Fe > Ni-Cr, while the trend of Ni-Mo-based ternary alloys would follow Ni-Mo-Fe > 
Ni-Mo-Cu > Ni-Mo-Zn > Ni-Mo-Co > Ni-Mo-W > Ni-Mo-Cr12. Dealloying can also be 
applied to improve the catalytic activity of Ni catalyst. Through electrochemically or 
chemically leaching Al from the Ni-Al alloy, the obtained Raney Ni catalyst could achieve 
10.0 mA cm-2 at a low HER overpotential (80~100 mV) and an excellent stability13. With 
respect to bulk nickel oxide or hydroxide, they are found to be inactive in HER catalysis 
because of their inappropriate H atom adsorption energy. However, when directly growing 
NiFe LDH on Ni foam, the NiFe LDH/Ni showed a much better activity than pure 
Ni(OH)2/Ni foam. Besides, it was found that even the incorporation of Ni(OH)2 onto Pt(111) 
would decrease the exposed Pt(111) by 35%, the HER activity of Ni(OH)2/Pt(111) electrode 
could be seven times of Pt(111)14.  
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2.1.4 Metal-free catalysts for HER 
In order to avoid the corrosion and leaching pollution problems of the metal catalysts, 
researchers have made great efforts to apply metal-free catalysts for HER catalysis. Among 
the developed metal-free catalysts, graphene and its derivatives are the most promising 
candidates15, which present tuneable molecular structures and strong tolerance to both acidic 
and alkaline solutions. However, the pure carbon based materials suffered from low HER 
activity. To meet the requirement of practical HER catalysis, the electron structure of carbon 
materials was adjusted through doping heteroatoms like N, P and S15-17. Zheng et al. 
synthesized the N and P dual-doped graphene to efficiently catalyse H2 production. Through 
applying the DFT calculation, they found that the N and P atoms could synergistically 
influence the valence orbital energy levels of the neighbouring C atoms in the graphene, and 
create more active sites around the doped heteroatoms, leading to a much larger current 
density than pure and single heteroatom-doped graphene18.  
Aside from doping, materials hybridization is another efficient way to modulate the surface 
polarities and electronic properties of carbon materials so as to improve their electrochemical 
activities. For example, graphitic-carbon nitride (g-C3N4) could be coupled with N-doped 
graphene, and the resulting C3N4@NG hybrid possessed a comparable HER activity to the 
nanostructured MoS2 (Figure 2-3)19. Thermodynamic calculations revealed that the unusual 
electrocatalytic activity of C3N4@NG was derived from the synergistic effect of the hybrid 
structure, in which g-C3N4 offered highly active H adsorption sites, while N-graphene 
promoted the electron transferring process for proton reduction. It is noteworthy that cathodic 
pretreatment can also be used for enhancing the HER activity of carbon materials. Compared 
with bare glassy carbon electrodes and pristine multiwall carbon nanotubes (p-MWCNTs), 
the p-MWCNTs after acidic oxidation and cathodic pretreatment (p-MWCNTs-ao-cp) 
showed a much lower onset η of 100 mV. The improved HER activity of p-MWCNTs-ao-cp 
should be attributed to the introduction of acidic groups onto p-MWCNTs during oxidation 
and the increase of -COOH group (HER active sites) ratio during cathodic pretreatment15. 
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Figure 2-3. DFT calculation of the HER activities of C3N4@NG (a) and its j0 comparison 
with other HER catalysts (b)19. Reproduced with permission from ref 19. Copyright 2014, 
Nature Publishing Group. 
 
2.2 Oxygen evolution reaction 
2.2.1 Oxygen evolution reaction mechanism 
To reveal the detailed mechanism of OER, Man et al. studied the origin of η for OER based 
on the massive calculation of binding energies on oxides surfaces, including rutile, spinel, 
perovskite, bixbyite oxides, and rock salt. They considered OER as a reaction of producing 
O2 molecule through several proton/electron-coupled steps20. OER on metal oxides starts 
with the water adsorption to the surface active site (*) and the formation of surface HO* 
species (Step 1). Then the HO* species would be transformed to O* species through two 
ways, including the proton-coupled oxidation of single HO* species and the 
disproportionation of two HO* active sites (Step 2). Next, O* would combine with water to 
form the HOO* species (Step 3). Finally, the HOO* species would decompose to produce O2 
molecule (Step 4)20, 21.  
Step 1: 
 H2O + *      HO* + H+ + e-;           △G1 
Step 2: 
 HO*        O* + H+ + e-;     2HO*       O* + * + H2O；     △G2 
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Step 3:  
O* + H2O (l)       HOO* + H+ + e-            △G3 
Step 4: 
HOO*       * + O2 (g) + H+ + e-;               △G4 
After detailed calculation, they identified a universal scaling relationship between the binding 
energies of O* and HO*, and furthermore introduced a single descriptor (△GO*-△GHO*) to 
elucidate the origin of the OER overpotential. It was revealed that the metal oxides with a 
medium (△GO*-△GHO*) value could exhibit a better OER activity, indicating that the 
intermediate adsorption on active sites should not be too strong or too weak (Figure 2-4). In 
the next parts, different kinds of OER catalysts and the ways to improve their activity are 
introduced and discussed20. 
 
Figure 2-4. Activity trend towards OER plotted for perovskites (a) and single-metal oxides 
(b)20. Reproduced with permission from ref 20. Copyright 2011, Wiley-VCH. 
2.2.2 Precious metal catalysts for OER 
Precious metal catalysts based on Ir, Ru, Pt, Pd and Au are important OER catalysts, whose 
OER activities in acid solution (0.1 M H2SO4) would follow the order of Ru~Ir > Pd > Rh > 
Pt > Au > Nb22. Specifically, the RuO2 nanoparticles of ~6 nm exhibited 1.0 mA mg-1 at a 
low overpotential (η=250 mV) in 0.1 M KOH. However, their surfaces would be seriously 
oxidized at a relatively high potential, leading to a deteriorated catalytic performance. 
Moreover, the high cost of these scarce catalysts make it impractical to use them on a 
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massive scale. Therefore, the accessibility of H2 economy relies strongly on the discovery 
and development of more-efficient and stable OER catalysts based on earth-abundant 
metals23. 
2.2.3 Nonprecious metal catalysts for OER 
2.2.3.1 Metal oxides 
A myriad of alternative OER catalysts based on earth-abundant metals (e.g. Ni, Co, Fe and 
Mn), including metal oxides9, 24, 25, hydroxides layers26-28, perovskite solids21, phosphates15, 29, 
30 and borides29, 31, have been studied. For single metal oxides, it was found that their OER 
activities were relatively low and in the order of NiOx > CoOx > FeOx > MnOx, which was 
opposite to the order of their OH-M2+δ bond strengths (Ni < Co < Fe < Mn)32. Through 
alloying these metal oxides with other elements could effectively tune the binding energy of 
M-OH bond. For example, doping Ni with Cu2+ and Mn2+ ions had negative effects on the 
OER performance of Ni, while the addition of Fe could significantly lower its onset potential 
and increase its current density33. Trotochaud et al. deposited Ni1-xFexOOH thin films on 
quartz-crystal microbalance electrodes and found that the Ni0.9Fe0.1OOH presented an OER 
turnover frequency about 10 times higher than that of IrO234. Friebel et al. further applied the 
operando X-ray absorption spectroscopy (XAS) and the DFT+U calculations to study the 
structure and OER catalytic process of Ni1-xFexOOH. The results showed that Fe3+ in Ni1-
xFexOOH had edge-sharing with surrounding [NiO6] octahedral and occupied the octahedral 
sites with unusually short Fe-O bond distances, thereby exhibiting a significantly lower η 
than did Ni3+ in either γ-Ni1-xFexOOH or γ-NiOOH (Figure 2-5)28. With a Ni/Fe molar ratio 
of 1/2, the NiFe oxide could form the nickel ferrite (NiFe2O4) with a spinel structure, which 
outperformed the cubic NiO and spinel Fe3O4 in OER activity35. Substituting the NiFe2O4 by 
other cations such as Cr, V, Mo and Co can further enhance its OER activity to different 
extents36. 
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Figure 2-5. (a) Complementary operando EXAFS measurement that confirms the potential 
induced bond contraction at both Fe and Ni sites. (b) Structure model of Fe doping γ-
NiOOH28. Reproduced with permission from ref 28. Copyright 2015, American Chemical 
Society. 
2.2.3.2 Layered double hydroxides 
Layered double hydroxides (LDHs) are a series of layered materials comprising of positively 
charged edge-sharing octahedral MO6 layers and charge balanced anions between the layers, 
whose structure could be favourable to the electrochemical process37. Among them, NiFe and 
NiCo LDHs have been proven to be potential OER catalysts. However, because of their poor 
conductivity, the OER activities of bulk LDHs were relatively low. Exfoliating the LDHs into 
thin sheets26, hybridizing them with conductive materials38, 39, or doping them with 
heteroatoms like N38, 40 and S41 may help to solve this problem. For example, liquid phase 
(formamide) exfoliation has been successfully applied to exfoliate the bulk NiFe LDH into 
nanosheets of about 0.8 nm26. These nanosheets outperformed the IrO2 catalyst in both 
stability and activity because of their significantly increased active site density and improved 
electronic conductivity than bulk LDH. Besides, through the low-temperature slow hydrolysis 
of metal precursors and followed high-temperature crystallization step, Gong et al. covalently 
attached the ultrathin NiFe LDH nanoplates (about 5 nm) onto a multiwall carbon nanotube 
(MWCNT) (Figure 2-6)42. Thanks to its relatively high conductivity, NiFe-LDH/CNT 
achieved a current density of 5.0 mA cm-2 at η=350 mV and a small Tafel slope of 36.8 mV 
dec-1 in 1.0 M KOH, which were much better than that of LDH nanoplates without carbon 
nanotubes.  
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Figure 2-6. (a) SEM image, (b, c) TEM images, (d) XRD pattern, and (e) structure model of 
NiFe LDH grown on MWCNT42. Reproduced with permission from ref 42. Copyright 2013, 
American Chemical Society. 
2.2.3.3 Perovskites 
Owing to their general formula of ABO3 (A=rare earth or alkaline earth metals, and 
B=transition metals) and nonstoichiometric composition, perovskites possessed the 
semiconductivity or even metallic conductivity21. Meanwhile, it was found that through 
substituting A or B sites with ions of the same or different oxidation valences, their physico-
chemical properties and catalytic performance can be modified43, 44. Therefore, in the last few 
decades, the perovskites have been applied in various fields, including solid oxide fuel cells, 
metal-air batteries, O2 permeation membranes, supercapacitors and OER catalysis in alkaline 
solutions45. Shao-Horn et al. reported that Ba0.5Sr0.5Co0.8Fe0.2O3-δ exhibited a high intrinsic 
OER activity and even outperformed the IrO245. Other SrCoO3-δ (SC)-doped analogues, such 
as La0.2Sr0.8CoO3-δ, La0.5Sr0.5Co0.8Fe0.2O3-δ, La0.3(Ba0.5Sr0.5)0.7Co0.8Fe0.2O3-δ, and 
SrSc0.025Nb0.025Co0.95O3-δ have also been synthesized. Their OER results suggested that the 
partial replacement of original metal cations with other metal cations of higher oxidation 
valences (La3+, Nb5+, and Sc3+) can stabilize the structure and improve the long-term 
operating stability under OER condition46. Non-metallic elements like phosphorous (P), 
boron (B), sulfur (S), and silicon (Si) can also be applied to stabilize the oxide structure of 
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perovskites47. For example, Zhu et al. synthesized the P-doped perovskite SrCo0.95P0.05O3-δ 
(SCP) with tetragonal structure, which showed a higher OER activity and durability 
compared to its parent compound (SC) (Figure 2-7)46. The improved activity can be attributed 
to its larger amount of O22-/O- species and higher electrical conductivity. Besides, the OER 
result of SCP after 1000 cycles was better than that tested in the first cycle, which  should be 
attributed to the oxidized Co species on the surface, in-situ formation of A-site (Sr) deficient 
layer (rich in Vo), and increased electrochemical surface area (ECSA).  
 
Figure 2-7. (a) Schematic illustration of tetragonal SCP crystal structure, (b) LSV curves for 
OER of SC and SCP in 0.1 M KOH solution, and (c, d) LSV curves for OER of SC (c) and 
SCF (d) before and after 1000 cycles in 0.1 M KOH solution46. Reproduced with permission 
from ref 46. Copyright 2016, Wiley-VCH. 
With respect to the synthesis routes of perovskites, the conventional way is the solid-state 
ceramic method, which requires ultrahigh temperature and overlong treatment duration to 
conquer the diffusion resistance and form lattice structures. But the high temperature would 
lead to the phase impurity and reduced surface area. The bottom-up methods, including co-
precipitation hydrolysis method, reverse micelle synthesis, sol-gel method, and hydrothermal 
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process, can be also applied to perovskite nanoparticles. These approaches require lower 
temperatures because of their better diffusion in liquids. However, the dissimilar hydrolysis 
speeds of two or more metals and the side reactions with carbon at high temperature (>600 oC) 
would still lead to phase impurities, agglomeration and low mass activities48.  
2.2.3.4 Metal-organic framework 
Metal-organic frameworks (MOFs) are typically characterised as metal atomically dispersed 
materials with well-organized coordination bonds between transition metal ions and organic 
ligands49. Analogous to the well-defined nature of molecular catalysts, the metal-site isolation 
in MOFs can endow the MOFs with high catalytic selectivity and efficiency50. Meanwhile, 
the highly crystalline structure of MOFs can bring about robustness and stability that usually 
associated with heterogeneous catalysts; therefore they can tolerate both physical and 
chemical attack51, 52. Hence, MOFs have been applied in various electrocatalytic reactions, 
such as OER53, 54, ORR55, 56, HER57, 58 and electrochemical CO2 reduction (ECR)59, 60. 
However, in an ideal MOF molecular structure, metal ions (e.g. Co) would be fully 
coordinated with organic ligands and solvent molecules (e.g. DMF), and the blockage of 
active metal sites would dramatically limit the electrochemical activity of MOFs61. Removal 
of residual solvent can create the coordinatively unsaturated metal sites (CUMSs), which are 
exposed atomically-dispersed metal ions and can be applied as highly active catalytic sites in 
electrocatalysis62. But it is very challenging for the complete removal of residual solvent 
molecules from micron-sized bulk MOFs to expose CUMSs due to the large mass resistance 
in their micro-sized pore windows. Therefore, it is highly desired to construct the nano-sized 
or low-dimensional MOFs (e.g. 2D MOFs nanosheets) to improve the solvent activation 
efficiency and facilitate the enrichment of CUMSs.  
Zhao et al. applied an ultrasonication method to in-situ prepare the ultrathin NiCo-BDC MOF 
nanosheets (NiCo-UMOFNs) with the thickness of ~3.1 nm (Figure 2-8a-c)51. X-ray 
absorption fine structure (XAFS) results proved that the ultrathinning of NiCo-UMOFNs can 
create abundant CUMSs on the exposed surfaces owing to the partially terminated BDC 
coordination bonding with the surface metal atoms (Figure 2-8d). Thanks to the existence of 
abundant CUMSs and the coupling effect between Co and Ni, NiCo-UMOFNs exhibited a 
much higher OER activity than its bulk counterpart and other monometallic UMOFNs 
(Figure 2-8e). Using the same ultrasonication method, Hai et al. successfully prepared the 
NiFe-BDC MOF nanosheets (NiFe-UMNs) with the thickness of ~10 nm (Figure 2-8f and g), 
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and it also showed a promising OER activity in alkaline solution (Figure 2-8h)54. Besides, 
Shen et al. developed a modular synthesis method to immobilize the paddle-wheel type cobalt 
carboxylate cluster into an Fe(III) carboxylate frameworks, and obtained an exceptionally 
high OER activity54.  
 
Figure 2-8. (a) TEM image of NiCo-UMOFNs. The inset shows the Tyndall light scattering 
of NiCo-UMOFNs in an aqueous solution. (b) AFM image of NiCo-UMOFNs. (c) SAXS 
pattern of NiCo-UMOFNs. (d) Ex-situ EXAFS data (black curves) in R-space and the best-fit 
results (red curves) of NiCo-UMOFNs and bulk NiCo-MOFs. (e) LSV curves of NiCo-
UMOFNs and other samples in O2-saturated 1.0 M KOH50. Reproduced with permission 
from ref 50. Copyright 2016, Nature Publishing Group. (f) SEM image and (g) AFM image 
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of NiFe-UMNs. (h) LSV curves of NiFe-UMNs and other samples in O2-saturated 1.0 M 
KOH53. Reproduced with permission from ref 53. Copyright 2018, Elsevier.  
2.2.3.5 Transition metal dichalcogenides 
The TMDs are a series of materials with the generalized molecular formula of MX2, in which 
M is a transition metal coming from groups 4-7 like Fe, Co, Ni, Mo or W, and X is a 
chalcogen such as S, Se or Te63. Bulk TMDs are layered materials, whose interlayer bonding 
is weak while intralayer bonding is strong. Therefore, TMDs can be exfoliated into 
monolayers through breaking the weak van der Waals force between layers. The isolation of 
TMD monolayers could lead to the confinement of charge carriers in the x- and y-directions, 
and endow the TMD nanosheets with dramatically different fundamental properties from 
their bulk counterparts. The 2D TMD nanosheets have been widely applied in catalysis, 
photonics and electronics63.  
Among them, the TMDs with Co and Ni as centre metals have demonstrated promising OER 
activity owing to their unique structural and electronic properties. For example, through 
adjusting the molar ratio of cobalt acetate to carbon disulfide, Ma et al. prepared the Co9S8, 
Co3S4 and CoS2 hollow nanospheres (HNSs) via a hydrothermal method (Figure 2-9a). The 
electrochemical results revealed that the CoS2 HNSs possessed a much higher OER activity 
than the other two HNSs in 1.0 M KOH (Figure 2-9b)64. Besides, Gao et al. successfully 
synthesized the bulk pyrite-type CoSe2-amine composite nanobelts through a solvothermal 
reaction of Co(Ac)2·H2O and Na2SeO365. Then much more surface active sites could be 
exposed via exfoliating the bulk CoSe2 into 2D nanosheets with the thickness of 1.4 nm, and 
thus boosting its OER activity66. Growing CeO2 nanoparticles onto the bulk CoSe2 belts 
through a polyol reduction route can also obviously improve the OER activity (Figure 2-9c, 
d)67. The authors ascribed the enhanced OER activity to the synergistic effect between CoSe2 
and CeO2 nanoparticles, as well as the high mobility of Vo in CeO2 nanoparticles. Gao et al. 
developed a chemical transformation process to prepare the hierarchical orthorhombic CoTe2 
and hexagonal CoTe nanofleeces using Te nanowires as template (Figure 2-9e, f)68. When 
used in OER catalysis, the CoTe2 nanofleeces clearly outperformed CoTe and the commercial 
RuO2 (Figure 2-9g). But actually in the highly oxidizing OER conditions, some of these 
TMD catalysts may be damaged and converted into metal oxides69. Therefore, when 
reporting these TMDs as OER catalysts, rigorous postcatalysis structural analysis should be 
conducted to verify whether the catalytic active sites are still the original compounds or not.  
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Figure 2-9. (a) Illustration of the synthesis of Co9S8, Co3S4 and CoS2 HNSs. (b) LSV curves 
of Co9S8, Co3S4, CoS2 HNSs and other samples in 1.0 M KOH64. Reproduced with 
permission from ref 64. Copyright 2018, Royal Society of Chemistry. (c) Schematic 
illustration of the synthesis of the CeO2/CoSe2 nanobelts by a convenient polyol reduction 
method. (d) LSV curves of CeO2/CoSe2 nanobelt and other samples in 0.1 M KOH67. 
Reproduced with permission from ref 67. Copyright 2015, Wiley-VCH. (e) Schematic 
illustration of the growth mechanism for the CoTe2 nanostructures. (f) SEM image of CoTe2 
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nanostructures. (g) LSV curves of CoTe2 and other samples in 0.1 M KOH68. Reproduced 
with permission from ref 68. Copyright 2017, Wiley-VCH. 
2.2.3.6 Transition metal nitrides and phosphides 
Recently, transition metal nitrides and phosphides with the flexible combination of metal 
sites (e.g. Mn, Fe, Co and Ni) have been proven to be good OER catalysts. Treating the metal 
oxides with NH3 in a high-temperature thermal condition can transform the oxides into metal 
nitrides. For example, metallic Co4N porous nanowires can be prepared through treating the 
Co(OH)F nanowires precursor at 420 oC under the flowing NH3 atmosphere, and it showed a 
significantly higher OER activity than the Co3O4 porous nanowires70. The authors found that 
during the OER process, the outer layer of Co4N would be oxidized, and thus the actual 
highly active phase of the material should be the metallic Co4N cores with a thin cobalt 
oxide/hydroxide shell. Besides, Jia et al. prepared the ultrathin NiFe-LDH nanosheets through 
a reverse micromulsion way and then transformed them to Ni3FeN nanoparticles (Ni3FeN-
NPs) via thermal ammonolysis (Figure 2-10a). The Ni3FeN-NPs showed excellent activities 
for both OER and HER, which required the low overpotentials of 280 and 158 mV to achieve 
the OER and HER current density of 10 mA cm-2 in 0.1 M KOH, respectively (Figure 2-10b 
and c)40.  
With respect to transition metal phosphides, the Ni2P nanoparticles could be prepared by a 
simple thermal reaction of nickel nitrate and NaH2PO2 at 250 oC, which was highly active for 
OER catalysis (Figure 2-10d)71. An amorphous NiOx layer was found to form on the surface 
of catalyst in the OER process (Figure 2-10e). The similar phenomenon has been reported in 
other phosphides of Fe, Co and Ni when applied as OER catalysts72. The superior OER 
activity of these phosphides can be attributed to two factors. On one hand, phosphides all 
possess high electric conductivity, and they remain at the core after the formation of an 
oxide/hydroxide outer layer during the OER process. The MOx@MPx structure can promote 
the carrier transportation from the core MPx to surface MOx. On the other hand, during the 
surface oxidation, the surface phosphides may be converted to phosphates, and the surface 
phosphates may act as a labile ligand that can change its chelating or coordination modes 
during the redox process of metal ions, so as to facilitate the OER process.  
 
24 
 
 
Figure 2-10. (a) The formation process of Ni3FeN-NPs; (b) LSV curves for HER at 5 mV s-1; 
(c) LSV curves for OER at 5 mV s-1 40. Reproduced with permission from ref 40. Copyright 
2016, Wiley-VCH. (d) LSV curves of Ni2P and other samples in 1.0 M KOH. (e) HRTEM 
image of the Ni2P nanoparticles after electrochemical pretreatment at 1.5 V vs. RHE for one 
hour71. Reproduced with permission from ref 71. Copyright 2015, Royal Society of 
Chemistry. 
2.2.4 Carbon based catalysts for OER 
The heteroatom doped carbon materials have been widely studied as metal-free 
electrocatalysts for OER owing to their high electrochemical activity and selectivity, low cost 
and strong durability. Tian et al. developed a facile and economical one-step CVD method to 
in-situ deposit N-doped graphene/single-walled carbon nanotube material (NGSH) onto 
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FeMoMgAl LDHs73. After removing the LDHs, the obtained NGSHs presented 3D 
interconnected network, large specific surface area and high conductivity; therefore it showed 
an admirable OER activity. Aside from CVD, the pyrolysis method can also be applied to 
prepare heteroatoms doped carbon materials. Through the pyrolysis of a polyaniline aerogel 
that prepared with phytic acid (Figure 2-11)74, a mesoporous carbon foam doped with N and 
P can be obtained. The sample that calcined at 1000 oC showed a large specific surface area 
of 1663 m2 g-1, and high activity for both ORR and OER. DFT calculation proved that the P 
and N co-doping and porous structure of carbon foam played a critical role in generating 
admirable electrocatalytic activity for ORR and OER. Interestingly, Jia et al. found that the 
defects created by removing heteroatoms from single-layer graphene can show high activities 
for three electrochemical reactions (ORR, OER and HER), and presented stable charge-
discharge voltages as well as high current density in Zn-air battery75.  
 
Figure 2-11. (a) Schematic illustration of the NPMC foams preparation; (b) LSV curves for 
NPMC samples at a scan of 5 mV/s in 0.1 M KOH solution; (c) LSV curves for Pt/C, RuO2, 
NPMC-1000, and NPMC-1100 catalysts at a scan of 5 mV/s in 0.1 M KOH solution, 
showing both ORR and OER test74. Reproduced with permission from ref 74. Copyright 2015, 
Nature Publishing Group. 
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2.3 Oxygen reduction reaction  
2.3.1 Oxygen reduction reaction mechanism 
The ORR is the reverse reaction of OER, but its specific reaction pathway is more 
complicated as ORR is a three-phase reaction. Generally, ORR may take place in a one-step 
four-electron (4e-) route, or a two-step two electron ([2+2]e-) pathway (Figure 2-12)76. If four 
electrons are inserted into an O2 molecule at once to form four hydroxide ions under alkaline 
solution, or two water molecules under acidic solution, the ORR process is in the 4e- pathway. 
When an O2 molecule receives two electrons at first to generate the reactive O species (HO2- 
in alkaline solution and H2O2 in acidic solution), followed by the obtainment of the other two 
electrons, the [2+2]e- route is dominant77. The reaction potential values of different reaction 
pathways clearly show that the catalyst with a higher selectivity toward the 4e- pathway can 
more efficiently catalyse the ORR.  
 
Figure 2-12. A list of ORR possible routes and their reaction potentials in different aqueous 
electrolytes76. Reproduced with permission from ref 76. Copyright 2015, Wiley-VCH. 
2.3.2 Defective carbon based ORR catalysts 
The defective carbon materials with high surface area, good electrical conductivity and 
promising chemical stability may be applied as ORR catalysts. Generally, there are three 
kinds of defective carbons that have been developed. For the first time, Gong et al. 
incorporated the electron-accepting N atoms in the carbon nanotubes (VA-NCNTs), and 
found that the N atom could endow its adjacent carbon atoms with relatively high positive 
charge density (Figure 2-13b)78. Consequently, the VA-NCNTs took the 4e- pathway for 
ORR, and it showed an obviously enhanced performance than original NCNTs. Then, the 
heteroatoms like S, N, P, B or F are all reported to tune the electronic structures of CNTs, 
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graphene and mesoporous carbons, and remarkably affect their ORR activities77. Interestingly, 
the intrinsic carbon defects that created through removing the heteroatoms from the doped 
graphene, like edge pentagon, 585 defect and 7557 defect, can also tune electronic structures 
and configurations of the graphene, and significantly improve its electrocatalytic performance 
(Figure 2-13a)79. Besides, the carbon materials doped with single metal atoms, including the 
transition metals (Fe, Ni and Co) and precious metals (Au and Pt), can be considered as 
defective carbons as well (Figure 2-13c)80.  Even the ratio of the doped single metal atoms on 
carbons are all quite low (< 5.0 wt%), via coordinating with the surrounding non-metal atoms 
like N and C, these single metal atoms can tune the local electronic distribution, so as to 
affect the catalytic activity of the carbons77. For example, the atomically dispersed Co-Nx-C 
active sites on defective carbon (NGM-Co) can be prepared through the direct carbonization 
of the mixture of starch, cobalt nitrate, melamine and in-situ produced Mg(OH)22. The as-
prepared catalyst showed good OER/ORR bifunctional activities and promising performance 
in rechargeable Zn-air battery. 
 
Figure 2-13. Schematic illustration of the three kinds of defective carbons77, reproduced with 
permission from ref 77. Copyright 2018, Royal Society of Chemistry, including (a) carbon 
with intrinsic defects79, reproduced with permission from ref 79. Copyright 2016, Wiley-
VCH, (b) non-metal (S, N, P or B) induced defective carbons78, reproduced with permission 
from ref 78. Copyright 2009, American Association for the Advancement of Science, and (c) 
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single metal atoms induced defective carbons80. Reproduced with permission from ref 78. 
Copyright 2018, Elsevier. 
2.3.3 Precious metal catalysts for ORR 
An appropriate interaction strength between the active sites and reaction intermediates is the 
key to a promising ORR activity. Norskov et al. investigated the relationship between M-O 
bonding energy and the ORR activity of metal catalyst81. The authors found that when 
plotting the ORR activities of the metals as the function of O adsorption energies, it can meet 
well with a volcano shape relationship (Figure 2-14a). For the metals in the left part of the 
volcano, the overhigh O bonding energies would lead to the oxidation of the metals to metal 
oxides, and the followed occupation of the available surface sites and poison of reactive 
surface. For the metals in the right part of the volcano, their d-orbitals were fully occupied by 
electrons; therefore they could only interact weekly with the O, leading to an inferior reaction 
efficiency and a poor ORR activity. Pt element was closest to the volcano summit, and 
therefore showed a high ORR activity. However, the volcano plot implied that there was still 
room for Pt to improve. Also its scarcity and high cost seriously limit the large-scale 
application of Pt. But this barrier may be overcome if the Pt usage can be reduced to a 
sufficiently low level.  
The researchers tried to improve the ORR activity of Pt through adjusting its electronic 
properties, and alloying it with other transition metals was one of the effective strategies. 
Malacrida et al. found that via alloying with some rare earths or early-transition metals like 
Ga, Y, La, Sc and Hf, the ORR activity of Pt can be improved to different extents (Figure 2-
14b)82. Alloying Pt with late-transition metals like Fe, Co and Ni can also decrease the Pt-O 
bonding strength, and thus improve the ORR activity. Chen et al. reported the transformation 
process of the PtNi3 polyhedra to the free-standing Pt3Ni nanoframes/C with Pt-skin surfaces 
under heat treatment (Figure 2-14c)83. Remarkably, the nanoframes showed the mass activity 
22 times that of 5 nm Pt/C. Zhang et al. prepared a single Co/Pt atoms decorated nitrogen-
carbon-based catalyst (A-CoPt-NC) through the electrochemical activation-acid washing 
strategy, which contained a very small amount of Co (~1.72 wt%) and Pt (~0.16 wt%)84. 
Because of the synergistic effect of single Pt and Co atoms in the unique coordination 
structure (a(Co-Pt)@N8V4), A-CoPt-NC exhibited an ORR activity 267 times that of 
commercial Pt/C in alkaline solution (Figure 2-14d, e). Pt alloys with different shapes, 
including nanowires, nanorods, nanotubes and core-shell structures, have also been prepared 
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through the microwave irradiation, electrospinning, chemical reduction, dealloying and 
electrochemical deposition, and so on82.  
 
Figure 2-14. (a) Trends in ORR activities of the metals plotted as the function of the oxygen 
adsorption energy81. Reproduced with permission from ref 81. Copyright 2004, American 
Chemical Society. (b) Specific activities of Pt alloys with early transition metals as compared 
to Pt at 0.9 V82. Reproduced with permission from ref 82. Copyright 2016, American 
Chemical Society. (c) The evolution process from PtNi3 polyhedra to Pt3Ni nanoframes/C 
with Pt-skin surfaces83. Reproduced with permission from ref 83. Copyright 2014, American 
Association for the Advancement of Science. (d) Top view of the charge densities of a(Co-
Pt)@N8V4 and a(Pt-Pt)@N8V484. (e) ORR LSV curves of A-CoPt-NC and other samples in 
0.1 M KOH84. Reproduced with permission from ref 84. Copyright 2018, American Chemical 
Society. 
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2.3.4 Nonprecious metal catalysts for ORR  
To replace the expensive and scarce Pt, the researchers have also made great efforts in the 
development of efficient ORR catalysts based on nonprecious metals. Metal oxides (e.g. 
ZrO2-x and Co3O4-x), metal nitrides (e.g. MoN and TiN), metal oxynitrides (e.g. TiOxNy and 
CoxMo1-xOyNz), metal chalcogenides (e.g. RuxSey and Rh0.5Se0.5) and transition-metal-
nitrogen-carbon catalysts (M-N-C)82, 85 have all been studied. Among them, the M-N-C 
catalysts, which can be synthesized by pyrolyzing various metal salts, nitrogen and carbon 
precursors in inert gas, are the most investigated nonprecious metal catalysts. Transition 
metals like Co, Fe, Cu and Mn have been used to prepare M-N-C catalysts, and the active 
site structure of the M-N-C catalyst was dominantly decided by the geometric and 
electronic configurations of the metal atoms. The Fe- and Co- based M-N-C catalysts have 
demonstrated the best ORR activity among this type of catalysts. For example, according 
to the hard-soft-acid-base principle, Lin et al. prepared the (Fe, Mo)-N/C by pyrolysis of 
complex precursors and acid leaching (Figure 2-15a)85. The (Fe, Mo)-N/C catalyst with 
Fe/Mo ratio of 0.75 exhibited an ORR activity comparable to commercial Pt/C, and the 
authors attributed its high activity to both Fe-Nx and Mo-Nx active sites. Heteroatom 
doping is another strategy to tune the activity of M-N-C catalysts. Zhang et al. used 
different S precursors to treat the Co ZIF-67, and they found that the S incorporation could 
result in a greater N content and a higher ratio of pyridinic N; thus a remarkably enhanced 
ORR activity (Figure 2-15b)86. Besides, to avoid the aggregation of Co atoms during the 
pyrolysis, Zn2+ can be added into the Co MOF to expand the Co interatomic distance 
(Figure 2-15c)87. At a high temperature, the metal ions can be reduced by the derived 
carbon, and the Zn atoms can fluctuate the distance of neighbouring Co atoms to prevent 
the formation of Co-Co bonds. Consequently, the obtained Co-Nx-C single sites showed an 
excellent ORR activity with a high half-wave potential of 0.881V, even better than that of 
Pt/C catalyst (~0.85 V).  
But for M-N-C catalysts, many reports still show conflicting results regarding the exact 
nature of the active sites. The major challenge to verify the active site is the heterogeneity 
of the catalyst owing to the high-temperature pyrolysis process. Three predominant 
concepts about the active site structure have been summarized as follows: (i) the M-Nx 
sites that similar to the metalloporphyrins; (2) carbide or metallic nanoparticle-associated 
sites; and (3) active N-C sites85. The researchers have applied different characterization 
tools, including Mössbauer spectroscopy, electron energy loss spectroscopy (EELS), XAS, 
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XPS and mass spectroscopy, and so on, to reveal the actual structure of the active sites88. 
But more efforts still need to be made to confirm the active site structures and the real 
distinctions among the various preparation conditions.  
 
Figure 2-15. (a) Formation process of (Fe, Mo)-N/C catalysts85. Reproduced with permission 
from ref 85. Copyright 2016, American Chemical Society. (b) Preparation of a S-doped Co 
ZIF-67 and its pyrolysis86. Reproduced with permission from ref 86. Copyright 2016, Royal 
Society of Chemistry. (c) Synthetic process of single Co atoms on carbon with both Co and 
Zn87. Reproduced with permission from ref 87. Copyright 2016, Wiley-VCH. 
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2.4 Defect engineering strategies for catalyst development and 
characterization 
In the above sections, the mechanisms of the electrochemical reactions like HER, OER and 
ORR have been summarized, as well as their corresponding efficient electrocatalysts. To 
improve the electrochemical activity of these catalysts, various strategies, such as diverse 
metal cation incorporation, heteroatom doping and hybridization with conductive supports, 
have been applied and proven to be effective. As the defects exist widely in the nanomaterials 
and remarkably affect their surface and electronic structures, the researchers have also tried to 
improve the electrochemical activities of these materials through delicate defect engineering. 
In the next sections, the various defect types on different nanomaterials and their respective 
defect engineering strategies are summarized.       
2.4.1 Defect types and preparation strategies 
According to the dimensions, defects in solid nanomaterials can be categorized into four main 
types, including the zero-dimensional (0D) point defects (e.g. vacancy, doping and 
reconstruction), one-dimensional (1D) line defects (e.g. dislocation), 2D planar defects (e.g. 
grain boundary) and three-dimensional (3D) volume defects (e.g. spatial lattice disorder). 
Among them, the point defects have been intensively studied, as they can significantly affect 
the chemical and physical properties of the 2D nanomaterials89. The point defects can be 
further sub-divided into three representative configurations: (1) reconstructed or vacancy 
defects, (2) heteroatom (like S, N, P and B) doping-induced defects, and (3) metal-defect 
coordination structures.  
Correspondingly, various methods have been experimentally developed to prepare such 
defect-based structures in nanomaterials, which can be classified into post-functionalized 
methods and in-situ methods. The post-functionalized methods, include ball milling, plasma 
bombing, hydrogenation, acid etching, electrochemical reduction and amorphization, can be 
efficient methods to create and expose a large amount of reconstructed and vacancy edge 
defects. With respect to the in-situ strategies, they can be bottom-up pathways for tuning the 
type and density of intrinsic defects in various nanomaterials, such as NaBH4 fast reduction 
method, template-based carbonization and dopant-removal annealing89.  
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Figure 2-16. Illustration of defect types in nanomaterials and their preparation89. Reproduced 
with permission from ref 89. Copyright 2019, Elsevier. 
2.4.2 Defect engineering on carbon 
The defective carbon materials can efficiently catalyse ORR. As discussed before (2.3.2), the 
heteroatoms, such as S, N, P, B or F, can effectively tune the electronic structures of the 
carbon materials owing to their different atom sizes and electronegativities from those of 
carbon (Figure 2-17a, b)90. Likewise, the charge distribution of edge carbon differs from that 
basal plane carbon. Wang et al. designed a micro-electrochemical apparatus to study the ORR 
activity of highly oriented pyrolytic graphite (HOPG), and found that its edge carbon can be 
much more active than its basal plane (Figure 2-17c)90. These edge carbon sites can be 
regarded as the intrinsic defects of carbon. Removing the heteroatoms from the doped 
graphene can also create the intrinsic carbon defects, which can help to improve its ORR and 
OER activities (Figure 2-17d-f)79. Aside from heteroatom removal, plasma treatment can 
create carbon surface defects as well. Tao et al. applied the plasma to break the intrinsic sp2-
hybridization on HOPG, so as to induce the surface charge distribution on carbon defects91. 
The electrochemical test with a micro apparatus revealed that the delocalized surface charge 
can bring about remarkably enhanced intrinsic ORR activity (Figure 2-17g-i). Refilling the 
carbon materials with single metal atoms like the transition metals (Fe, Ni and Co) and 
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precious metals (Au and Pt) is another feasible strategy to tune the electronic structures of 
defective carbons77. Zhang et al. reported that the graphene defects can trap Ni single atoms 
to form an integrity (aNi@defect), which showed exceptionally high activity for HER and 
OER catalysis. 
 
Figure 2-17. (a) Charge density distribution of VA-NCNTs from DFT calculation and 
possible adsorption modes of oxygen molecule adsorbing on the VA-NCNTs (bottom) and 
CCNTs (top)78. (b) ORR activity of Pt/C (curve 1), VA-CCNT/GC (curve 2) and VA-NCNTs 
(curve 3)78. Reproduced with permission from ref 78. Copyright 2009, American Association 
for the Advancement of Science. (c) The ORR electrochemical experiment on HOPG with 
micro apparatus and the relevant ORR LSV curves90. Reproduced with permission from ref 
90. Copyright 2014, Wiley-VCH. (d) HAADF image of different defects in DG79. (e-f) The 
ORR and OER activities of DG and other samples in 1.0 M KOH79. Reproduced with 
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permission from ref 79. Copyright 2016, Wiley-VCH. (g) The electrochemical experiments 
on plasma treated HOPG91. (h) The CVs of 5.0 mM [Fe(CN)6]4+ at 50 mV s-1 on defective 
HOPG with different plasma treatment times91. (i) The electrochemical activity of HOPG 
(normalized by ECSA)91. Reproduced with permission from ref 91. Copyright 2019, Wiley-
VCH. 
2.4.3 Defect engineering on transition metal oxides 
Transition metal (e.g. Mo, Mn, Fe, Co, and Ni) (hydro)oxides and their composites with 
carbon supports have exhibited promising electrochemical activities. The previous studies 
proved that their defects, especially the Vo, played a crucial role in their OER electrocatalysis 
process. The delicate engineering on Vo is expected to promote the charge redistribution of 
the oxide materials, optimize their adsorption energy and improve their conductivity, so as to 
remarkably enhance their electrocatalytic activities.  
2.4.3.1 Amorphization  
The amorphization of the materials is a promising method in creating Vo and developing 
admirable OER catalysts. It was found that Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF82) could rapidly 
become amorphous after some OER cycles because of the leaching of Sr2+ and Ba2+ from its 
surface, leading to the noticeably increased OER current density and pseudocapacitive92. 
Aside from post-treatment of the crystalline materials, the bottom-up approaches like 
photochemical deposition93 and sol-gel procedure94 can be applied to prepare amorphous 
OER catalysts as well. Using metal-2-ethyl-hexanoates as precursors, amorphous mixed 
metal oxide film a-Fe100-y-zCoyNizOx can be prepared through a photochemical deposition 
method. In this method, the precursors with desired stoichiometric ratio were dissolved in 
hexane and then spin-coated on FTO substrates, followed by deep-UV ray irradiation93. The 
obtained a-Fe100-y-zCoyNizOx contained homogeneously distributed metal ions, and showed a 
much higher OER activity than its crystalline counterparts (Figure 2-18a, b). This method 
was also applicable in the preparation of amorphous BSCF (a-BSCF) film, in which the four 
metal elements were homogeneously dispersed, and their composition was in excellent 
agreement with the feed ratio79.  
Besides, a room-temperature sol-gel process was applied to incorporate W6+ ions into the 
FeCo oxy-hydroxides and prepare the homogeneously dispersed amorphous FeCoW oxy-
hydroxide94. To achieve atomic homogeneity, the inorganic metal chlorides were dissolved in 
ethanol, and water and propylene oxide of low concentrations were used to adjust the 
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hydrolysis speed of the precursors independently. After being dried by supercritical CO2 and 
supported on gold foam, the gelled amorphous FeCoW material required a very low η (191 
mV) to reach a current density of 10 mA cm-2 (Figure 2-18d). XAS test and DFT+U 
calculation proved that the synergistic effect between Fe, Co and W could produce a 
promising local coordination environment and electronic structure to enhance the OER 
performance (Figure 2-18c).  
 
Figure 2-18. (a) CVs of a-Fe100-y-zCoyNizOx and its analogues93. (b) Tafel plots of a-Fe100-y-
zCoyNizOx and its analogues93. Reproduced with permission from ref 93. Copyright 2013, 
American Association for the Advancement of Science. (c) Adjusting the energetics of OER 
intermediates through alloying94. (d) OER performance of gelled FeCoW oxy-hydroxides and 
control samples supported on gold foam in 1.0 M KOH solution94. Reproduced with 
permission from ref 94. Copyright 2016, American Association for the Advancement of 
Science. 
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2.4.3.2 Plasma treatment 
Plasma is a particular medium for materials preparation and chemical reactions, and can be 
applied in the fabrication of novel nanostructures. At the macroscopic level plasmas are 
electrically neutral, while from the microcosmic perspective they are consisted of charged 
particles such as cations, electrons, and sometimes anions95. Different to the common liquid, 
gas, and solid phases, the species of plasma would be in electronically excited states, leading 
to a highly reactive circumstance for the chemical reactions. Then because of the 
tremendously diverse plasma characteristics (electron and ion temperature, density, life time 
and scale), the plasma-assisted procedures can be applied in various material preparations and 
processing at the temperature ranging from low to ultrahigh. When the ion temperature (Ti) is 
much lower than electron temperature (Te), the electrons would be excited energetically while 
the heavy particles keep near ambient temperature. This kind of plasmas is known as low-
temperature plasmas or cold plasmas. They feature the absence of strong heating effect and 
the high chemical reactivity, and therefore they present a high surface selectivity during 
treatment. When the Ti is comparable to Te, except high chemical reactivity, the plasmas also 
release intense heat that can melt or even vaporize most materials. Such plasmas are known 
as thermal plasmas, which can be applied to prepare nanostructures with metastable phase 
structures and high crystallinity96. Depending on the processing approach, plasma-assisted 
methods for nanostructure fabrication can be classified into four categories, including the 
plasma-enhanced chemical vapor deposition, the thermal plasma evaporation and 
condensation, the thermal plasma sintering, and the plasma treatment of solid phases (Figure 
2-19)95.  
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Figure 2-19. Schematic illustrations of (a) the plasma-enhanced chemical vapour deposition, 
(b) the thermal plasma sintering, (c) the thermal plasma evaporation and condensation, and (d) 
the plasma treatment of solid phases95. Reproduced with permission from ref 95. Copyright 
2010, Wiley-VCH. 
Specifically, for plasma treatment of solid phases, the nanostructures could grow directly 
from the solid phase, and need no precursor introduction step. Sometimes an etching mask is 
required to conduct position-selected etching, which is commonly applied in the 
semiconductor industry97. Meanwhile, through controlling the composition of plasma, 
nanostructures with controlled shapes can also be achieved through a mask-free plasma 
etching procedure98. Xu et al. applied the Ar plasma to engrave the Co3O4 nanosheets that 
deposited on a titanium substrate, and owing to the highly reductive electrons, the obtained 
Co3O4 not only possessed a much higher specific surface area, but also presented abundant 
Vo on the surface of Co3O4 with more Co2+ formed (Figure 2-20). The higher surface area of 
plasma-engraved Co3O4 could provide more active sites for OER, while the generated Vo can 
create more active defects and enhance the electronic conductivity of Co3O499.  
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Figure 2-20. (a) The preparation process of Ar-plasma-engraved Co3O4 with high surface 
area and Vo; (b) N2 adsorption-desorption isotherms of pristine (0 s) and plasma-engraved 
(120 s) Co3O4; (c) LSVs of pristine (0 s) and plasma-engraved (120 s) Co3O499. Reproduced 
with permission from ref 99. Copyright 2016, Wiley-VCH. 
2.4.3.3 Hydrogenation treatment 
Treating the metal oxides with a reagent of strong reducing property can create abundant Vo 
on their surface. For example, Zheng et al. treated the pristine mesoporous Co3O4 nanowires 
(NWs) with sodium borohydride (NaBH4) at room temperature for the formation of Vo 
(Figure 2-21a)100. Consequently, when applied in OER catalysis, the defective Co3O4 NWs 
outperformed the pristine Co3O4 by a factor larger than 7. Besides, the H2 thermal treatment 
can be used to tune the surface and electrochemical properties of metal oxides, such as 
TiO2101 and MoO3102. Under thermal conditions, H2 molecules could interact with surface 
lattice O of metal oxides, and result in the formation of Vo and changes of TiO2 surface 
properties. This process can be divided into three steps (take TiO2 for example). Firstly, H2 
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molecules would physically interact with the surface lattice O under a relatively low 
temperature (300 oC for TiO2). Secondly, when the temperature is further increased (> 300 oC 
for TiO2), electrons would be transferred from H atoms to the lattice O atoms on the metal 
oxide surface. Subsequently, the lattice O atoms would be extracted from the oxide surface, 
and leave with H atoms in the form of H2O molecule; therefore the Vo can be formed on the 
oxide surface. Finally, when the temperature is even higher (450 oC for TiO2), the interaction 
between metal oxides and H atoms would proceed more dramatically, during which the 
electrons of H atoms are transferred to Ti4+ on TiO2 surface and Ti3+ defects are formed101.  
As stated previously, the OER catalysis is related to the formation of HO*, transformation of 
HO* to O* and HOO*, and deprotonation of HOO* to O2. The Vo obtained via H2 treatment 
could enhance the adsorption of H2O molecules onto the oxide surface so as to increase the 
reactivity of active sites. Meanwhile they could excite the neighbouring delocalized electrons 
to the conduction band, and therefore improve the OER performance of the metal oxides. For 
example, Kim et al. prepared an O-deficient perovskite Ca2Mn2O5 through H2-thermal 
treating CaMnO3 under a relatively low temperature (350 oC). Because of the molecular-level 
Vo and the high-spin electron configuration on Mn, Ca2Mn2O5 showed a higher OER activity 
than pristine CaMnO3 (Figure 2-21b-e)103.  
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Figure 2-21. (a) Schematic illustration of NaBH4 reduction for in-situ creation of Vo in 
Co3O4 NWs100. Reproduced with permission from ref 100. Copyright 2014, Wiley-VCH. (b) 
LSV tests of Vulcan carbon XC-72, Ca2Mn2O5/C, and CaMnO3/C103. (c) Tafel plots of 
Ca2Mn2O5/C, and CaMnO3/C103. (d) Mass activities at different applied potentials103. (e) The 
lattice structures of CaMnO3/C (left) and Ca2Mn2O5/C (right)103. Reproduced with permission 
from ref 103. Copyright 2014, American Chemical Society. 
2.4.4 Defect engineering on transition metal dichalcogenides 
As discussed before (2.2.3.5), TMDs are in the molecular formula of MX2, and a single 
molecular layer of MX2 is in the X-M-X layer configuration consisting of two neighbouring 
chalcogen atom layers (X) and one transition metal atom layer (M)104. Generally, 1H notates 
the monolayer MX2, while 1T and 2H refer to the metallic octahedral prismatic phase and 
bulk crystals, respectively (Figure 2-22a). As 1T phase is not thermodynamically stable, it 
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could transform into the structurally distorted 1T’. Besides, when the X-M-X layers stack in 
the form of AbA-CaC-BcB, the 3R phase can be obtained. The different crystal structures 
could significantly affect the performance of TMDs in certain applications. Therefore, phase 
transition may be an effective route to tune the electrochemical activity of TMDs. Besides, 
various kinds of defects may exist on the TMD layers, including the zero-dimensional defects 
(e.g. vacancies, adatoms, dopants and structure defects) (Figure 2-22b)105, one-dimensional 
defects (e.g. edge sites, grain boundaries and phase interfaces) (Figure 2-22c)106 and two-
dimension defects (e.g. vertically stacked hetero-layers, folding, wrinkling, scrolling and 
rippling) (Figure 2-22d)104. Among them, the edge sites and vacancy defects have been 
intensively studied.  
 
Figure 2-22. (a) Different structural polytypes of TMD layers107. Reproduced with 
permission from ref 107. Copyright 2015, Royal Society of Chemistry. (b) Typical zero-
dimensional defects105. Reproduced with permission from ref 105. Copyright 2000, American 
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Physical Society. (c) Typical one-dimensional defects106.  Reproduced with permission from 
ref 106. Copyright 2014, Nature Publishing Group. (d) Typical two-dimensional defects104.  
Reproduced with permission from ref 104. Copyright 2016, IOP Publishing Ltd. 
2.4.4.1 Phase transition 
Most phase transition experiments on TMDs have applied the lithium intercalation method. 
TMDs can be chemically intercalated with lithium reactants, typically hexane diluted n-
butyllithium107. During the intercalation process, the electron density of d-orbital for the 
transition metal increases as electrons could transfer from n-butyllithium to TMD layers. 
Consequently, the pristine 2H phase became unstable, leading to the phase transition to 
metallic 1T phase. Lukowski et al. successfully transformed the semiconducting 2H-MoS2 
nanostructure to the metallic 1T-MoS2 nanosheets through lithium intercalation-exfoliation 
(Figure 2-23a), and found that the phase transition led to a remarkably enhanced HER 
activity (Figure 2-23b)108. Likewise, Yin et al. treated the 2H-MoS2 by a liquid-ammonia-
assisted lithiation process to obtain the porous metallic 1T-MoS2109. In this case, not only can 
the phase transition be induced, but more edge sites and sulfur vacancies (Vs) can be created 
(Figure 2-23c). This study revealed that the phase played the dominant role in determining 
the HER activity of MoS2, while edge sites and Vs also contributed remarkably to its activity 
(Figure 2-23d).  
Similarly, TMDs can be intercalated and exfoliated through the lithium electrochemical 
intercalation process110. In this process, the bulk TMDs were used as cathode materials and Li 
metal as anode. The Li intercalation could result in the formation of water-soluble LixMX2 
species. When immersing it in water, the intensive H2 bubbling can efficiently separate the 
TMD nanosheets, and the negative charges on the nanosheets can prevent the exfoliated 
nanosheets in the colloidal solution from aggregation. The resulting metallic 1T-MoS2 also 
demonstrated an obviously enhanced HER activity.     
Plasma treatment can induce phase transition on TMDs as well. Wang et al. applied an Ar/O2 
plasma to treat CoSe2 to simultaneously induce exfoliation and phase transformation111. The 
bulk cubic c-CoSe2/DETA hybrids can be successfully exfoliated into orthorhombic o-CoSe2-
O nanosheets with the thickness of ~3.6 nm (Figure 2-23e). The as-prepared o-CoSe2-O UNs 
required the η as low as 251 mV to achieve 10.0 mA cm-2, obviously outperforming the 
pristine c-CoSe2/DETA hybrids and commercial RuO2 (Figure 2-23f).  
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Figure 2-23. (a) The phase transition of 2H-MoS2 to 1T-MoS2 induced by lithium 
intercalation108. (b) HER activities of 2H-MoS2 and 1T-MoS2108. Reproduced with permission 
from ref 108. Copyright 2013, American Chemical Society. (c) Schematic illustration of the 
HER process on porous 1T-MoS2109. (d) HER polarization curves of porous 1T-MoS2 and 
other samples109. Reproduced with permission from ref 109. Copyright 2016, American 
Chemical Society. (e) XRD patterns of c-CoSe2/DETA and o-CoSe2-O UNs111. (f) OER 
curves of c-CoSe2/DETA and o-CoSe2-O UNs111. Reproduced with permission from ref 111. 
Copyright 2018, Wiley-VCH. 
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2.4.4.2 Edge sites and vacancy defects creation 
Aside from phase transition, the defect engineering through tuning the density of edge sites 
and vacancies can significantly affect the activity of TMDs as well. Xie et al. added the 
thiourea to restrict the MoS2 nanocrystal size in the initial step of nucleation growth, so as to 
create more edge sites in MoS2 catalyst112. Owing to the additional active edge sites, the 
defective MoS2 exhibited a promising HER activity with a small onset η of 120 mV and a 
large current density, obviously outperformed the bulk MoS2, defect-free nanosheets and 
even the amorphous MoS2. Li et al. applied the chemical vapour deposition (CVD) method to 
in-situ synthesize the monolayer MoS2 flakes with abundant edge sites and the edgeless 
monolayer MoS2 films with abundant Vs, and then compared their HER activities113. The 
edgeless monolayer films showed a much better HER activity than the monolayer flakes, 
indicating that Vs were important HER active sites as well (Figure 2-24a). But interestingly, 
unlike edge site, whose density had positive correlation with the catalytic activity of 
monolayer MoS2 flakes, the optimal activity of monolayer MoS2 films could be obtained in 
the Vs density range of 7-10% (Figure 2-24b-c).  
Aside from the in-situ CVD method, other ex-situ strategies can be applied to create edge 
sites and vacancies on the TMDs. Li et al. applied the Ar plasma to activate the basal plane of 
the monolayer 2H-MoS2 through creating Vs, and then strained the basal plane to fine-tune 
its catalytic activity (Figure 2-24d)114. The authors proved that the proper combinations of Vs 
and strain can tune the H adsorption free energy of 2H-MoS2 to 0 eV (Figure 2-24e), and thus 
endow the engineered 2H-MoS2 with the best intrinsic HER activity among the MoS2-based 
catalysts (Figure 2-24f). Ar+ ion beam bombing and O2 plasma treatment have also proven to 
effectively create Vs on TMDs115, 116. Thermal annealing is another choice to introduce 
vacancies. Wei et al. annealed the monolayer MoS2 in the temperature range of 200-400 oC, 
which induced the creation of Vs and formation of Mo-O bonds on MoS2117. The 
photoluminescence intensity of MoS2 can be remarkably enhanced by about 200 times after 
annealing treatment. Ye et al. applied the H2 annealing to treat the CVD grown MoS2, and 
when increased the temperature to 500 oC, its triangles started to be etched and small 
triangular holes emerged116. H2 annealing can be an effective strategy to form edge sites so as 
to improve the electrochemical performance of MoS2. 
Exfoliating the bulk TMD crystals into nanosheets can introduce abundant vacancies as well. 
Liu et al. successfully exfoliated the bulk CoSe2-DETA composites into ultrathin nanosheets 
46 
 
with the thickness of ~1.4 nm through ultrasonic treatment (Figure 2-24g)66. The positron 
annihilation spectrometry (PAS) and XAS results confirmed that plentiful cobalt vacancies 
were formed in the ultrathin nanosheets, which could serve as active sites to promote the 
OER catalysis of CoSe2 (Figure 2-24h). Consequently, the defective CoSe2 ultrathin 
nanosheets exhibited an obviously improved OER activity compared with its bulk 
counterparts and many other reported Co-based electrocatalysts (Figure 2-24i). 
 
Figure 2-24. (a) Polarization curves of monolayer MoS2 films and flakes. The inset is the 
stability test result of monolayer MoS2 films113. (b) XPS results and (c) HER activities of the 
MoS2 films with different Vs densities113. Reproduced with permission from ref 113. 
Copyright 2016, American Chemical Society.(d) Schematic illustration of the top (upper) and 
side (lower) views of MoS2 with strained Vs114. (e) Coloured contour line plot of the surface 
energy per unit cell γ as the function of uniaxial strain and Vs114. (f) HER LSV curves of 
strained MoS2 with Vs and other samples114. Reproduced with permission from ref 114. 
Copyright 2016, Nature Publishing Group. (g) AFM image of exfoliated CoSe2 ultrathin 
nanosheets66. (h) Schematic illustration of positrons of cobalt vacancies66. (i) OER LSV 
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curves of CoSe2 ultrathin nanosheets and other samples in 0.1 M KOH66. Reproduced with 
permission from ref 66. Copyright 2014, American Chemical Society. 
2.4.5 Defect engineering on metal-organic frameworks 
For MOFs, the potential point defects include (1) missing linker defects (CUMSs); (ii) 
modified linker defects; (3) missing node defects; and (4) modified node defects118. 
Among them, the CUMSs have been widely studied and applied. To create the CUMSs, 
the researchers have developed various effective in-situ synthesis and ex-situ synthetic 
treatment strategies. For example, Rodenas et al. developed a liquid-liquid interface 
strategy to control the oriented growth of MOF crystals so as to in-situ synthesize the MOF 
nanosheets, whose thickness was in the range of 5~25 nm (Figure 2-25a, b)119.  
Incorporating these MOF nanosheets of abundant CUMSs with polymer matrix can 
efficiently separate CO2 from the CO2/CH4 gas mixture (Figure 2-25c). Alternatively, 
Vermoortele et al. applied a modulator method to produce the highly defective zirconium 
terephthalate UiO-66 (Zr) using trifluoroacetic acid (TFA) as modulator120. During the 
MOF synthesis process, a part of terephthalate molecules can be substituted by TFA. Then 
through removing these TFA by thermal treatment at 320 oC, rich CUMSs were created, 
which could be highly active Lewis acid sites for catalysis. Some other organic reagents, 
such as poly(vinylpyrrolidone)121, 4,4’-bipyridine122, pyridine123 and formic acid124, can 
also be added to modulate the growth of free-standing 2D MOF nanosheets with plentiful 
CUMSs. However, these compounds may bind on the MOF nanosheets surface and block 
the active sites, adversely affect their electrocatalytic performance. 
With respect to the ex-situ synthetic treatment, ultrasonic exfoliation can be one of the 
feasible choices. Peng et al. exfoliated the bulk [Zn2(benzimidazole)4] (Zn2(bim)4) crystal 
into Zn2(bim)4 nanosheets through the combination of wet ball milling and ultrasonication, 
whose thickness was low to 1.12 nm (Figure 2-25d)125. After exfoliation, its XRD pattern 
still showed typical peaks that ascribed to the Zn2(bim)4, indicating that its MOF structure 
would not be damaged by the mechanical treatment (Figure 2-25e). When using these 
MOF nanosheets as building blocks of ultrathin molecular sieve membranes, the 
composites could achieve the H2 permeance of several thousand gas permeation units and 
H2/CO2 selectivity of more than 200 (Figure 2-25f). Plasma treatment is another ex-situ 
method to create CUMSs on MOFs. Tao et al. applied the dielectric barrier discharge 
(DBD) plasma to etch the zeolitic imidazolate framework-67 (ZIF-67), and SEM images 
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verified that the morphology of CUMSs-ZIF-67 could be well maintained, but its surface 
became clearly rougher (Figure 2-25g)62. Moreover, from the XPS data it can be found that 
the cobalt species in Co-Nx (x<4) coordination significantly increased after plasma 
treatment, indicative of the successful creation of CUMSs (Figure 2-25h). Consequently, 
CUMSs-ZIF-67 needed an obviously lower η than pristine-ZIF-67 to achieve 10.0 mA cm-
2 (Figure 2-25i).  
 
Figure 2-25. (a) The spatial arrangement of the various liquid layers during CuBDC 
nanosheets synthesis119. (b) The SEM image of the obtained CuBDC nanosheets119. (c) Usage 
of the MOF-polymer composites for gas separation119. Reproduced with permission from ref 
119. Copyright 2014, Nature Publishing Group. (d) TEM image of Zn2(bim)4 MSNs. The 
inset exhibited the Tyndall effect of Zn2(bim)4 MSNs suspension125. (e) XRD pattern of 
Zn2(bim)4 MSNs125. (f) Scatterplot of H2/CO2 selectivities tested from 15 membranes125. 
Reproduced with permission from ref 125. Copyright 2014, American Association for the 
Advancement of Science. (g) The SEM image of CUMSs-ZIF-67, the inset is the SEM image 
of pristine-ZIF-6762. (h) Co 2p spectra of ZIF-67 and CUMSs-ZIF-6762. (i) OER LSV results 
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of CUMSs-ZIF-67 and ZIF-6762. Reproduced with permission from ref 62. Copyright 2017, 
Elsevier. 
2.4.6 Defect characterization tools 
The various types and effects of defects on the materials, as well as their corresponding 
engineering tools have been intensively studied, but all these findings can hardly be achieved 
without the assistance of advanced characterization and measurement instruments. It is 
essential to summarize the tools that applied to study the defects. The instruments like XPS, 
Raman spectroscopy, photoluminescence spectroscopy (PL) and EELS can provide the 
qualitative results of defects, while the instruments like EPR, PAS and XAS can provide the 
quantitative results. Besides, the most advanced AC-TEM technology can observe the 
materials at the atomic scale, making it possible to identify the defects directly. In the next 
sections, the various defect characterization tools on different nanomaterials are briefly 
summarized. 
2.4.6.1 X-ray photoelectron spectroscopy 
XPS is a sensitive spectroscopic tool to test the chemical and electronic states of elements 
existing on the surface of materials (<5 nm)89. The defects could change the bonding energies 
of the elements or even add new ones in the pristine materials, which could lead to the slight 
shift of the peaks in XPS spectra, or the occurrence of new peaks. Li et al. tune the Vs density 
on the monolayer MoS2 film through varying the synthesis temperature from 700 to 900 oC 
(Figure 2-26a)113. XPS spectra showed that the stoichiometric ratio of S/Mo in the film would 
decrease with the increase of synthesis temperature, indicative of the creation of more Vs 
(Figure 2-26b). Cai et al. introduced the Vo into the single-crystalline Co3O4 nanosheets with 
ethylene glycol under alkaline condition (Figure 2-26c)126. The O 1s spectra can be 
deconvoluted into four characteristic peaks, including O atoms bound to metals (529.9 eV for 
O1), defect sites with a low O coordination (531.6 eV for O2), hydroxyl groups or the 
surface-adsorbed O (532.5 eV for O3), and adsorbed molecular water (533.4 eV for O4)100. 
The higher O2 ratio of reduced Co3O4 indicated its higher Vo density than pristine Co3O4 
(Figure 2-26d). Tao et al. used the XPS Co 2p spectra to verify the creation of CUMSs to 
study the DBD plasma etched ZIF-67 (Figure 2-26e)62. The Co 2p3/2 spectra of ZIF-67 
samples could be deconvoluted into four peaks, including the one at 781.1 eV that attributed 
to fully coordinated cobalt atoms in the form of Co-N4, the one at 779.9 eV that ascribed to 
the unsaturated cobalt species in Co-Nx (x<4) coordination, and the other two shake-up 
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satellites peaks (Figure 2-26f). But the description here is a bit tricky. Actually, the peak at 
~780.0 eV in Co 2p3/2 spectra is generally attributed to Co3+, while the one at ~781.1 eV to 
Co2+ 99,127.  
 
Figure 2-26. (a) Schematic illustration of Vs on MoS2 surface113. (b) XPS results for 
monolayer MoS2 films with different Vs densities113. Reproduced with permission from ref 
113. Copyright 2016, American Chemical Society. (c) Schematic illustration of Vo on Co3O4 
surface126. (d) O 1s XPS spectra of pristine and reduced Co3O4 nanosheets126. Reproduced 
with permission from ref 126. Copyright 2017, Wiley-VCH. (e) Illustration of the plasma 
treatment of ZIF-6762. (f) Co 2p spectra of ZIF-67 and CUMSs-ZIF-67. Reproduced with 
permission from ref 62. Copyright 2017, Elsevier. 
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2.4.6.2 Raman spectroscopy and photoluminescence spectroscopy 
Raman spectroscopy can probe the disorders in carbon and other materials through the defect 
activated peaks128. Eckmann et al. carefully analysed the Raman spectra of graphene samples 
with various defect types, and found that the peak intensity ratio of D/D´ was 13 for sp3-
defects, and it decreased to ~7 for vacancy-like defects, and further to ~3.5 for boundaries in 
graphite128. Likewise, Zhang et al. used the variation in the intensity of D and G bands to 
verify the existence of defects in graphene (Figure 2-27a)79. For pristine graphene (G), the 
intensity of G band was clearly larger than that of D band, and the ID/IG ratio was 0.89, 
indicative of the high regularity of carbon structure in G. Incorporation of nitrogen atoms 
(NG) can disrupt the carbon hexagonal structure and introduce some defect sites; thus the 
ID/IG ratio increased to 1.06. Removal of nitrogen atoms (DG) would further increase the 
ID/IG ratio from 1.06 to 1.13. The Raman spectroscopy has been used to verify the defects in 
TMDs as well. Li et al. strained the MoS2 film on a patterned Au nanocone support via 
capillary force, found that the tensile strain on MoS2 can lead to the red shift of A1g and E2g1 
peaks in their Raman spectra (Figure 2-27b)114. Besides, Bertolazzi et al. found that with the 
increase of Vs density, the A1´ peak would blue shift and become stronger, while the E´ peak 
would red shift and become weaker (Figure 2-27c)115.  
PL is an effective tool to probe the presence of defects. Also reported by Bertolazzi et al., the 
intensities of A and B exciton peaks decreased exponentially with the increase of Vs densities 
(Figure 2-27d)115. Lei et al. applied the PL to study the Vo in In2O3 samples129. As shown in 
Figure 2-27e, the PL emission peak of bulk In2O3 at 435 nm could be attributed to the 
recombination of the photogenerated hole with the two-electron-trapped Vo. It would blue 
shift to 410 nm for ultrathin In2O3 porous sheets owing to the recombination of 
photogenerated hole with the single-electron-trapped Vo. Meanwhile, the higher Vo 
concentration could result in the higher PL intensity at 410 nm for the Vo-rich ultrathin In2O3 
sheets. Bao et al. observed the same result in the spinel NiCo2O4 ultrathin nanosheets (Figure 
2-27f)130.  
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Figure 2-27. (a) Raman spectra of pristine G, NG and DG79. Reproduced with permission 
from ref 79. Copyright 2016, Wiley-VCH. (b) Raman spectra of the unstrained and strained 
MoS2114. Reproduced with permission from ref 114. Copyright 2016, Nature Publishing 
Group. (c) Raman spectra and (d) PL spectra of the mechanically exfoliated MoS2 flakes with 
different Vs densities on SiO2/Si115. Reproduced with permission from ref 115. Copyright 
2017, Wiley-VCH. (e) PL spectra of the In2O3 samples129. Reproduced with permission from 
ref 129. Copyright 2014, American Chemical Society. (f) PL spectra of the NiCo2O4 
samples130. Reproduced with permission from ref 130. Copyright 2015, Wiley-VCH. 
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2.4.6.3 Electron Energy Loss Spectroscopy 
EELS analysis applies the characteristic energy-loss spectra of electrons that transmitted 
through the samples. Because the electron-energy loss is directly related to the ionization 
energy, information about the elemental composition, electronic structure and chemical 
bonding of the materials can be collected through EELS tests. Therefore, STEM-EELS can 
be an efficient tool to verify the existence of defects in carbon materials and other samples.  
 
Figure 2-28. (a) EELS data of C3N4@NG obtained at site 1 (g-C3N4-containing region) and 
site 2 (g-C3N4-free region)131. (b) Magnified image of the carbon K-edge EELS spectra of 
C3N4@NG131. Reproduced with permission from ref 131. Copyright 2014, Nature Publishing 
Group. (c) EELS spectra of HOPG and defective HOPG91. Reproduced with permission from 
ref 91. Copyright 2019, Wiley-VCH. (d) EELS data of O K-edge and Co L2,3-edge for the 
cobalt oxide samples127. Reproduced with permission from ref 127. Copyright 2019, Wiley-
VCH. 
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Zheng et al. applied the STEM-EELS to test g-C3N4-containing region and g-C3N4-free 
region of NG131. In their carbon K-edge EELS spectra (Figure 2-28a, b), the two π* edges at 
283.4 eV (Peak 1) and 285.5 eV (Peak 2) can be ascribed to the defective and sp2 carbon 
species, respectively, while the one σ* edge at 290.2 eV (Peak 3) to the sp3 carbon species. 
The defective species (Peak 1) only existed in the g-C3N4-containing and was absent in the g-
C3N4-free region. The authors assigned these defective species to low-coordinated carbon 
atoms that associated with the breakage of N-3C bonds at the edge of g-C3N4, because of the 
strong interaction between NG and g-C3N4. Likewise, Tao et al. used the STEM-EELS to 
prove that plasma irradiation can create more defects on the HOPG (Figure 2-28c)91. Beside, 
Fu et al. treated the CoOxS1.097/G under ammonia atmosphere at different temperatures (600-
800 oC), and used the STEM-EELS to study the change of Vo density in the oxide 
materials127. As shown in Figure 2-28d, two prominent peaks can be observed in the O K-
edge spectra of all the samples. The former peak at ~530.6 eV (pre-edge) could be ascribed to 
the O 2p in unoccupied states hybridized with Co 3d orbitals, while the latter one to the O 2p 
hybridized with the weakly structured Co 4sp band. And the continuously stronger pre-edge 
peak from CoOS600 to CoOS800 revealed the enhanced O 2p-Co 3d hybridization by a 
decrease of Vo in samples. Meanwhile, in the Co L2,3-edges for the samples, a slight shift of 
the Co L3-edge to a higher energy loss (~0.9 eV) could be observed from CoOS600 to 
CoOS800, indicative of the decrease of Vo. This shift result agreed well with the tendency 
observed for O pre-edge features.  
2.4.6.4 Electron paramagnetic resonance spectroscopy 
EPR is an effective tool for the study of materials with unpaired electrons. Materials with 
different vacancies may have unpaired electrons, and therefore their EPR signals may be 
different from those of materials with no vacancies89. Hence, this instrument can help to 
verify the existence of defects in materials. Lei et al. prepared three In2O3 samples, including 
the bulk In2O3, ultrathin In2O3 sheets with few Vo (Vo-poor) through calcinating the 
precursor in O2, and ultrathin In2O3 sheets with abundant Vo (Vo-rich) through calcinating the 
precursor in air129. In their EPR spectra (Figure 2-29a), all the samples exhibited an EPR 
signal at g=2.004, which could be attributed to the electrons trapped on Vo. The strongest 
signal intensity of ultrathin In2O3 sheets obtained in air proved that it possessed the highest 
Vo density among the samples. In the presence of cosurfactant oleylamine (OLAM), Gordon 
et al. successfully used the TiF4 to produce highly uniform tetragonal bipyramidal anatase 
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nanocrystals (F-OLAM)132, then its EPR spectra were collected at different temperatures 
(Figure 2-29b). The peak at g=1.927 was ascribed to the surface and subsurface paramagnetic 
Ti3+ centers, and its intensity continuously decreased with the rising of testing temperature 
from 280 K to 80 K, which was attributed to the faster spin relaxation times at higher 
temperatures. Meanwhile, at all temperatures a broad peak at g=2.003 that attributed to Vo 
could be observed. These results indicated the formation of Vo in the as-prepared 
nanocrystals and the existence of free electrons that can localize to form Ti3+ centers close to 
the nanocrystal surface at low temperature. EPR has also been used to characterize the Vo on 
ZrO2133, HfO2133, ZnO134 and so on. However, EPR may not be suitable to test the Vo on 
cobalt oxides because of the special outermost molecular orbital of Co3+ (d6), which could 
lead to EPR silence. The electrons neighbouring the Vo may be affected by the nearby Co3+ 
sites, and thus the EPR signal cannot be detected. 
 
Figure 2-29. (a) EPR spectra of the In2O3 samples129. Reproduced with permission from ref 
129. Copyright 2014, American Chemical Society. (b) EPR spectra of F-OLAM samples at 
several temperatures132. Reproduced with permission from ref 132. Copyright 2012, 
American Chemical Society. 
2.4.6.5 Positron annihilation spectroscopy 
The spectra from PAS can provide direct information about the components with different 
positron lifetimes, so that the various defect types and their corresponding concentrations can 
be studied (even at ppm level)89. In this way, PAS can be a strong technique to study defects 
in materials. As shown in Figure 2-30a,b, the PAS spectra of bulk CoSe2 and ultrathin CoSe2 
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nanosheets both displayed three distinct lifetime components, including τ1, τ2 and τ3, with 
various relative intensities I1, I2 and I366. The shortest component (τ1) could be attributed to 
the cobalt vacancies, while the other two components (τ2 and τ3) to the large defect clusters 
and interface existed in the material, respectively. From the intensity difference the authors 
claimed that abundant cobalt vacancies were created after exfoliating bulk CoSe2 to ultrathin 
CoSe2 nanosheets.  
 
Figure 2-30. (a) Positron lifetime spectra of ultrathin CoSe2 nanosheets and bulk CoSe2. (b) 
Schematic illustration of the trapped positrons of cobalt vacancies66. Reproduced with 
permission from ref 66. Copyright 2014, American Chemical Society. (c) Positron lifetime 
spectra of Ceria-A and Ceria-B samples135. Reproduced with permission from ref 135. 
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Copyright 2009, American Chemical Society. (d) Ratio curves of the experimental electron-
positron momentum distributions of unannealed and annealed ZnO samples136.  Reproduced 
with permission from ref 136. Copyright 2005, AIP Publishing. (e) Positron lifetime 
spectrum of AgBiSe2 nanocrystals137. (f) Schematic illustration of trapped positrons for 
AgBiSe2 nanocrystals in (001) planes and basal137. Reproduced with permission from ref 137. 
Copyright 2012, American Chemical Society. 
Besides, using CeCl3 or Ce(NO3)3 as the cerium precursor, Liu et al successfully synthesized 
Ceria-A and Ceria-B through the hydrothermal reaction, respectively, and then studied the 
distribution of their Vo with PAS135. In their PAS spectra, three distinct lifetime components 
could also be observed (Figure 2-30c), which were attributed to the small neutral Ce3+-Vo 
associates (τ1), larger-size Vo clusters (τ2) and large voids present in the material (τ3). The 
PAS results proved that a higher amount of larger-size Vo clusters existed in Ceria-A, while 
more isolated vacancy associates were present in Ceria-B. Similarly, Dutta  et al. applied the 
PAS to prove that abundant Vo could be created on ZnO after annealing over 600 oC (Figure 
2-30d)136. Besides, Xiao et al. verified that the p-type conduction in hexagonal AgBiSe2 
nanocrystals was derived from the Ag vacancies with the combination of PAS (Figure 2-30e,f) 
and temperature-dependent electrical conductivity tests137. 
2.4.6.6 X-ray absorption spectroscopy 
XAS is a frequently applied tool to characterize the local electronic and geometric structures 
of the materials. It can offer more accurate information than XPS, and collect information 
from the whole material, instead of the surface89. It can detect the slight changes after doping 
or implanting ions into the materials. Thus, it is an inevitable technique to study the defects or 
single atoms for catalysis. For instance, Cai et al. applied the XAS to reveal the local 
chemical environment of Co3O4 nanosheets before and after reduction126. As shown in Figure 
2-31a, compared with pristine Co3O4, the Co K-edge XANES peak of reduced Co3O4 slightly 
shifted to a lower energy was observed, indicative of a decreased oxidation state of Co 
species in reduced Co3O4. Meanwhile, from the Co R-space EXAFS spectra in Figure 2-31b 
it can be seen that the peak intensities of Co coordination decreased remarkably for the 
reduced Co3O4 nanosheets, suggesting that a large amount of Vo were created in the reduced 
nanosheets. Besides, Wang et al. applied the XAFS data to prove that the Ar/O2 plasma 
treatment could simultaneously induce exfoliation, formation of an oxide layer with abundant 
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Vo, and even phase transformation from cubic to orthorhombic on CoSe2, which can endow 
the CoSe2 catalyst with an excellent OER activity111.  
 
Figure 2-31. (a) Co K-edge XANES spectra of pristine and reduced Co3O4 nanosheets126. (b) 
The corresponding k3-weighted Fourier-transformed data126. Reproduced with permission 
from ref 126. Copyright 2017, Wiley-VCH. (c) The k2-weighted Fourier-transformed data of 
the Co EXAFS spectra for Co foil, Co-NC and A-CoPt-NC84. (d) The k2-weighted Fourier-
transformed data of the Pt EXAFS spectra for Pt foil and A-CoPt-NC84. Reproduced with 
permission from ref 84. Copyright 2018, American Chemical Society. (e) Ex-situ EXAFS 
data (black curves) in R-space and the best fitting results of bulk NiCo-MOFs and NiCo-
UMOFNs50. (f) Fully unsaturated (upper) and partially saturated (lower) models for the 
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metals on UMOFN surfaces50. Reproduced with permission from ref 50. Copyright 2016, 
Nature Publishing Group. 
As mentioned before, Zhang et al. applied the electrochemical activation-acid washing 
strategy to prepare the A-CoPt-NC84. To prove the existence of single Pt atoms and 
characterize their coordination environment, their XAFS spectra were collected. In the Co R-
space EXAFS spectra of the samples (Figure 2-31c), the peak at around 2.2 Å was 
contributed to the Co-Co coordination, and it decayed continuously after the activation and Pt 
loading, indicative of a changed Co local environment. Meanwhile, in the Pt R-space EXAFS 
spectra (Figure 2-31d), the peak at around 2.6 Å that ascribed to Pt-Pt coordination was 
missing for A-CoPt-NC, demonstrating the atomic distribution of Pt species in this material. 
The peak at about 1.8 Å could be attributed to the Pt-N or Pt-C coordination. Similarly, with 
the assistance of XAS, Yin et al. confirmed that the single Co atoms in the N-doped carbons 
obtained at 800 and 900 oC were in the form of Co-N4 and Co-N2, respectively87. Zhang et al. 
used the XAS to prove the successful trapping of single Ni atoms by defective graphene80. 
Moreover, XAS can be applied to characterize the CUMSs in the MOFs. As shown in Figure 
2-31e,f, the dominant peak at 1.60 Å was associated with the M (metal)-O coordination, 
while the relatively weak peaks at 2.35, 2.86 and 3.24 Å were assigned to M-C, M-O and M-
M, respectively50. However, compared with bulk NiCo-MOFs, the coordination numbers of 
the M-C and M-O shells of NiCo-UMOFNs clearly decreased, indicating that some CUMSs 
were created on the surface of UMOFNs. 
2.4.6.7 Aberration corrected transmission electron microscopy 
The advanced electron microscopy allows the direct imaging of atomic structure of the 
materials. Meanwhile, the development of spherical-aberration correctors in STEM makes it 
possible to produce images in the deep sub-Å range89. Additionally, via using a HAADF 
detector the STEM can produce images which show contrast that scales with the square of the 
atomic number. Therefore, the HAADF-STEM can distinguish the heavier atoms from the 
lighter atoms in the composites, as well as investigate the defects and interfaces. For example, 
the researchers have successfully used HAADF-STEM to observe the porous structures in the 
P-1T-MoS2 nanosheets (Figure 2-32a)109, the grain boundary in the MoS2 film (Figure 2-
32b)113, as well as the Vs and Mo vacancies in the MoS2 monolayer (Figure 2-32c)114. 
Besides, Zhang et al. applied the HAADF-STEM to observe the defective area of A-Ni@DG 
(Figure 2-32d), and proved that the sags and crests were the Di-vacancy (Figure 2-32e) and 
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single Ni atoms trapped Di-vacancy (Figure 2-32f)80. Also, after fast Fourier transformation 
(FFT) and inverse FFT, Zhang et al. obtained the HAADF image of A-CoPt-NC with strong 
contrasts (Figure 2-32g)84. The heavier metal atoms can be marked with bright yellow spots, 
while lighter carbon/nitrogen atoms are marked with cyan spots. Consequently, the structure 
of the metal atoms (#1 and #2) on defective carbon could be distinguished. The configuration 
model of the two metal atoms trapped in the defect could therefore be reproduced, which was 
inevitable in their subsequent DFT model building for calculation.  
 
Figure 2-32. (a) STEM image of P-1T-MoS2 nanosheets109. Reproduced with permission 
from ref 109. Copyright 2016, American Chemical Society. (b) HAADF-STEM image of a 
typical grain boundary in the MoS2 film113. Reproduced with permission from ref 113. 
Copyright 2016, American Chemical Society. (c) ACTEM image of the MoS2 monolayer 
with ~11.3% Vs114. Reproduced with permission from ref 114. Copyright 2015, Nature 
Publishing Group. (d) The HAADF-STEM image of A-Ni@DG80. (e) The partially 
magnified image of defective area (vacancy) in (d)80. (f) The partially magnified image of the 
defective area (with trapped single Ni atom) in (d)80. Reproduced with permission from ref 80. 
Copyright 2018, Elsevier. (g) HAADF image of A-CoPt-NC after FFT filtering and the 
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configuration model of the two metal atoms being trapped in the defect84. Reproduced with 
permission from ref 84. Copyright 2018, American Chemical Society. 
 
2.5 Summary 
In this chapter, an overview of the electrochemical catalysis is provided, followed by an 
introduction on the reaction mechanisms of HER, OER and ORR, as well as a review about 
the catalysts for each of the reactions. The activities of the catalysts, including precious metal 
catalysts, metal-free carbon catalysts and nonprecious metal catalysts, have been introduced 
and compared by category. To replace the high-cost precious metals, the researchers have 
made great efforts to improve the activities of metal-free carbon catalysts and nonprecious 
metal catalysts to meet the requirement of practical applications. It is well known that defects 
exist throughout nature and can tailor the intrinsic physico-chemical properties of materials 
even in an extremely low concentration. Therefore, the defect engineering has been 
extensively explored, and proven to effectively improve the electrocatalytic performance of 
the catalysts through tuning their electronic structures and configurations.  
Various types of defects may exist in the materials, and play different roles in affecting their 
electronical and chemical properties. To controllably create the specific type of defects, 
several methods have been raised, including heteroatom removal, hydrogenation treatment, 
plasma treatment and thermal annealing. Nevertheless, for defect engineering, there are three 
critical challenges need to be addressed. First, although the defects were verified to be active 
for electrocatalysis both theoretically and experimentally, the direct observation of the defects 
like carbon defect, Vo and Vse are still very challenging. Even the advanced AC-TEM has 
been developed, the presence of these defects is more frequently deduced from the XPS, 
Raman spectroscopy, EELS, ESR, PAS and XAFS results. Second, the activity of the 
materials with pure intrinsic defects may not be high enough, and the defects may even be 
destroyed by the corrosive electrolytes (acidic or alkaline) during the electrocatalysis. The 
functionalization of defects through trapping atomic metal atoms and atomic non-metallic 
atoms can stabilize the defects, and further tune the electronic structure of the active sites to 
enhance the activity. But here comes the third challenge. For them, the characterization is 
usually indirect and not precise enough to reflect the local coordination environment of centre 
atoms as it offers the information of the whole catalyst, which may be the mixture of different 
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coordination structures. Therefore, the origin of the structure-property correlation between 
atomically hetero-coordinated moieties and tailored activities remains ambiguous, owing to 
the difficulty in synthesizing and characterizing targeted coordinated moieties without other 
structural and compositional impurities.  
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3.1 Materials 
Iron (III) nitrate nonahydrate (Fe(NO3)3∙9H2O, ≥98%), cobalt (II) nitrate hexahydrate 
(Co(NO3)2∙9H2O, ≥98%), sodium borohydride (NaBH4, ≥99%), sulfur (S, ≥99.5%), sodium 
hypophosphite monohydrate (NaH2PO2∙9H2O, ≥99%), cetyltrimethylammonium bromide 
(CTAB, 95%), ethylene glycol (EG, 99.8%), ruthenium (IV) oxide (RuO2, 99.9%), cobalt (II) 
acetate tetrahydrate (Co(Ac)2·4H2O, ≥98.0%), sodium selenite (Na2SeO3, 99%), 
diethylenetriamine (DETA, 99%), chloroplatinic acid hexahydrate (H2PtCl6·6H2O) and nickel 
(II) nitrate hexahydrate (Ni(NO3)2·6H2O) were purchased from Aldrich Chemical. Ammonia 
gas (NH3) cylinder was purchased from BOC Gas, Australia. Potassium hydroxide solution 
(KOH, 1.0 M) was bought from Bio-Strategy Laboratory Products Pty Ltd. All the chemicals 
were used as obtained without further purification. The water was deionized water. 
 
3.2 Sample preparation 
In this thesis, we have used various strategies to synthesize and treat the samples, including 
NaBH4 fast reduction, solvothermal reduction, thermal treatment, plasma treatment, 
ultrasonication and UV irradiation. The following table (Table 3-1) contains the short name 
and full name of the samples, as well as their corresponding synthesis method and chapter 
number. The detailed synthesis process are also shown as follows. 
Table 3-1. The information of the samples. 
Short name Full name Synthesis method Chapter 
No. 
FexCoy-ONS Iron-cobalt oxide nanosheets 
with different metal molar ratios 
(x/y)  
NaBH4 fast reduction 4 
Fe1Co1-ONP Iron-cobalt oxide nanoparticles 
with the Fe/Co ratio of 1/1 
Solvothermal reduction by 
N2H4∙H2O at 180 oC 
4 
FeCoOx-origin Thermally treated Fe1Co1-ONS  Ar thermal treatment at 300 
oC 
5 
FeCoOx-Vo The defective FeCoOx with 
different Vo density  
Hydrogen thermal treatment 
at different pressure and 
temperature 
5 
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FeCoOx-Vo-S S atoms doped FeCoOx-Vo Ar thermal treatment at 300 
oC 
6 
CoSe2-origin The bulky composite of CoSe2 
and DETA 
Solvothermal reaction at 
180 oC 
7 
CoSe2-x The defective CoSe2 treated by 
plasma 
Ar plasma at 100 W for 
different lengths of time 
7 
CoSe2-x-Pt The Pt single atoms doped 
CoSe2-x 
UV irradiation  7 
 
3.2.1 Preparation of FexCoy-ONS (Chapter 4) 
Typically, to prepare the Fe1Co1-ONS, 0.582 g Co(NO3)2·6H2O and 0.808 g Fe(NO3)3∙9H2O 
were dissolved into 50.0 mL deionized water (DIW) under continuous magnetic stirring for 
10 min. Then 20.0 mL NaBH4 solution (0.25 M) was added dropwise, and the solution was 
further stirred for 5 min. The resulting solid product was centrifuged and washed with 
absolute ethanol for three times, and finally dried under vacuum for two days. The FexCoy-
ONS with other molar ratios of Fe and Co (x/y can be 0/1, 1/9, 1/3, 3/1, 9/1, and 1/0) can also 
be prepared following the above procedure but using different molar ratios of Fe and Co 
precursors. 
3.2.2 Preparation of Fe1Co1-ONP (Chapter 4) 
The crystalline Fe1Co1 nanoparticles (Fe1Co1-ONP) was prepared ethylene glycol (EG)-
hydrazine hydrate reduction system. 0.404 g Fe(NO3)3∙9H2O, 0.2901 g Co(NO3)2∙9H2O, 0.5 g 
CTAB were dissolved in 50 mL EG through continuously stirring at 90 oC for 0.5 h, into 
which a dry nitrogen flow was introduced to remove the air and water in the flask. Then 2.0 
mL N2H4∙H2O was added into the above solution and the temperature was raised to 180 oC. 
After reacting for 60 min, the products were centrifuged and washed with ethanol for three 
times, and then dried under vacuum for two days. 
3.2.3 Preparation of FeCoOx-origin (Chapter 5) 
Fe1Co1-ONS was calcined under argon atmosphere at 300 oC for 2.0 h with the heating rate 
of 5 oC min-1 to obtain the FeCoOx-origin.  
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3.2.4 Hydrogen thermal treatment of FeCoOx-origin (Chapter 5) 
0.100 g Fe1Co1Ox-origin was put in a PCT reactor, and placed in a furnace. An automated 
Sieverts’ apparatus (Suzuki PCT H2 Adsorption Rig) was applied to introduce H2 gas into the 
reactor and control the H2 pressure. The Fe1Co1Ox-origin can be hydrogenated at different 
temperatures (up to 400 oC) and different H2 pressures (up to 4.0 MPa) to obtain Fe1Co1Ox-y-
z, in which x, y, and z represent the O content, hydrogenation temperature, and H2 pressure, 
respectively. The FeCoOx-Vo with optimal Vo density was obtained by treating the FeCoOx-
origin at 200 oC with the H2 pressure of 2.0 MPa.  
3.2.5 Synthesis of FeCoOx-Vo-S (Chapter 6) 
To prepare FeCoOx-Vo-S, FeCoOx-Vo (40.0 mg) and S powder (40.0 mg) were placed in two 
different positions of a porcelain boat and inserted into a tube furnace. The sample was 
heated at 300 oC for 2.0 h with a heating speed of 5.0 oC min-1 in Ar atmosphere, and then 
cooled down naturally to room temperature. For comparison, FeCoOx-origin-S was prepared 
through treating FeCoOx-origin with S powder following the above procedure.  FeCoOx-Vo-
N was prepared via heating FeCoOx-Vo (40.0 mg) in NH3 gas at 300 oC for 2.0 h. FeCoOx-
Vo-P was obtained through heating FeCoOx-Vo (40.0 mg) with NaH2PO2∙9H2O (60.0 mg) at 
300 oC for 2.0 h. 
3.2.6 Synthesis of CoSe2-DETA lamellar nanohybrids (CoSe2-origin) (Chapter 7) 
In a typical procedure, 2.0 mmol (0.498 g) of Co(Ac)2⋅4H2O was added into 26.0 mL of 
deionized water (DIW) under magnetic stirring. 10 min later, 2.0 mmol (0.346 g) of Na2SeO3 
and 52.0 mL of diethylenetriamine (DETA) were added. After stirring for 0.5 h in a beaker, 
the wine homogeneous solution was transferred into a 100 mL Teflon-lined autoclave, which 
was sealed and maintained at 180 oC for 16 h and then naturally cooled down to room 
temperature. The resulting solid product was collected and washed with absolute ethanol for 
3 times to remove ions and possible remnants, and dried under vacuum at 60 oC overnight. 
3.2.7 Exfoliation of CoSe2-origin by Ar plasma etching (Chapter 7) 
60.0 mg bulk CoSe2-origin was spread on a quartz boat and inserted into a plasma reactor. 
Subsequently, the reactor was pumped down in Ar atmosphere (keep a flowing rate of 4.5 mL 
min-1) until the pressure decreased to 0.5-1.0 Pa. The bulk CoSe2-origin was treated with Ar 
plasma at the power of 100 W for 75 min to obtain the defective CoSe2 (CoSe2-x).  
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3.2.8 Preparation of CoSe2-x-Pt through UV irradiation (Chapter 7) 
The UV irradiation treatments were conducted on Xenon-lamp parallel light source system 
equipped with an optical filter that only allow the transmission of 365 nm UV. All the UV 
treatments were operated at an operation current of 10 A. In a typical procedure of UV 
treatment, 30.0 mg CoSe2-x nanosheets were dispersed in 30 mL water by ultrasonication for 
5 min. Then, 1.5 mL of H2PtCl6 solution (5.0 mM) was added to the above dispersion and 
stirred for 5 min. The dispersion was kept stirring with a magnetic stirrer during the UV 
irradiation. After treatment for 10 min, the sample was centrifuged, washed by deionized 
water and ethanol, and dried in vacuum oven to obtain CoSe2-x-Pt. To prepare the catalysts 
with different Pt loading amount, different amounts (0.5, 1.0 and 2.5 mL) of H2PtCl6·6H2O 
solution can be added. For comparison, CoSe2-origin-Pt can be prepared using CoSe2-origin 
as support and 1.5 mL of H2PtCl6·6H2O solution as Pt precursor. The preparation process of 
CoSe2-x-Ni and CoSe2-x-Ru is similar to that of CoSe2-x-Pt, except that 5.0 mM NiCl2 and 5.0 
mM RuCl3 solutions were used as Ni and Ru precursors, respectively.  
 
3.3 Powder characterizations 
XRD patterns (2θ, 8-90°) were recorded on a Bruker D8-Advanced X-ray diffractometer 
using nickel-filtered Cu-Kα radiation.  
N2 sorption was performed at 77 K on a Micromeritics TriStar II 3020, after degassing the 
samples for 12 h at 120 °C. Total specific surface areas (SBET) were determined with the BET 
method.  
Electron microscope images were collected on a JEOL JSM-7001F SEM at an acceleration 
voltage of 10 kV and a Tecnai 20 FEG TEM operated at 200 kV. High angle annular dark 
field (HAADF) images and BF images are collected from probe-corrected JEOL ARM200F 
with acceleration voltages of 80 kV. 
X-ray photoelectron spectra were acquired on a Kratos Axis ULTRA XPS incorporating a 
165 mm hemispherical electron energy analyser and a monochromatic Al Kα (1486.6 eV) 
radiation at 150 W (15 kV, 10 mA). The binding energies were determined using the C1s line 
at 284.8 eV from adventitious carbon as a reference. 
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Room temperature PL spectra were obtained by using an inVia Raman Microscopy with a 
He-Cd ultraviolet laser.  
The weight ratios of different elements in the samples were analysed with a Varian Vista Pro 
ICP-OES instrument, before the ICP-OES testing the samples were digested using a 
Milestone Ethos-1 microwave digester at 1500W power, with a 5:2:3 ratio of nitric, 
hydrochloric and hydrofluoric acids.  
The thickness of the FeCo-ONS and CoSe2-x nanosheets were analysed by a Cypher (Asylum 
Research) AFM, whose cantilevers were HA_NC (Etalon) from NT-MDT, having a nominal 
spring constant of 4.5 N/m and nominal resonant frequency of 145 kHz. Before the AFM test 
the sample was dissolved in ethanol, centrifuged at 6000 rpm, and the liquid supernatant was 
diluted by 600 times, then dropped upon the mica plate.  
Co and Fe K-edge XAS spectra were recorded on the multipole wiggler XAS beam-line 12 
ID in operational mode 1 at the Australian Synchrotron. The beam energy was 3.0 GeV and 
the maximum beam current was 400 mA. The S L3-edge spectrum was recorded by 
fluorescence mode as a function of photon energy at the Australian Synchrotron.  
3.4 Electrochemical measurements of thin film electrodes  
First, the RHE calibration was conducted. In all the electrochemical tests, AgCl/Ag/KCl (3 M) 
was used as reference electrode, and calibrated with regard to RHE. The calibration was 
performed in 0.1 M KOH and 1.0 M KOH solutions under H2-saturated condition with a Pt-
foil as the working electrode. CV curves were obtained at the scanning rate of 2 mV s-1, and 
the average potential at which the current crossed zero was regard as the thermodynamic 
potential for the H2 electrode reaction. The CV curves were shown below: 
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Therefore, in 0.1 M KOH (a), the potentials were referred to the reversible hydrogen 
electrode (RHE) by Equation 1: E(RHE)=E(Ag/AgCl)+0.969 V      (1).  
In 1.0 M KOH, the potentials can be calibrated through Equation 2:  
E(RHE)=E(Ag/AgCl)+1.034 V        (2)  
Thin film electrodes were prepared by sonicating 5.0 mg active catalyst in 0.5 mL ethanol 
with 50 µL 5 wt% Nafion solution for 30 minutes. 5.0 µL of this suspension was drop-cast 
onto a glassy carbon disk electrode (4 mm diameter, 0.126 cm2 area) and left to dry under a 
glass jar. The typical catalyst loading was 0.36 mg cm-2. All the electrochemical tests were 
performed in a conventional three-electrode system at an electrochemical station (Biologic 
VMP2/Z multichannel potentiostat), using Ag/AgCl (3 M NaCl) electrode as the reference 
electrode, graphitic carbon rod as the counter electrode and glassy carbon (GC) electrode as 
the working electrode.  
For ORR measurement, the data were recorded at the scanning rate of 10 mV s-1 once the 
system achieved equilibrium. The rotating speed of the working electrode was increased from 
400 to 2500 rpm at the scanning rate of 10 mV s-1 in O2-saturated 0.1 M KOH solution during 
the linear sweep voltammetry test. For OER measurement, linear sweep voltammetry with 
scan rate of 5 mV s−1 was conducted in 1.0 M KOH or 0.1 M KOH. To assess the long-term 
OER stability of CoSe2-x-Pt, the continuous amperometric i-t measurement was employed 
under a constant η of 305 mV. The electrochemical impedance spectroscopy (EIS) 
measurement was carried out in the same configuration at room temperature with a sinusoidal 
voltage amplitude of 10 mV.  
For overall water splitting test, The samples were also loaded on Ni foam with the loading 
amount of 2.0 mg cm-2, and tested in 1.0 M KOH. The overall water splitting tests in 1.0 M 
KOH were carried out in a two-electrode system with the RuO2 ‖ Pt/C, FeCoOx-Vo-S ‖ Pt/C 
and FeCoOx-Vo-S ‖ CoP3/Ni2P-D coupled catalysts. To assess the long-term water splitting 
stability of FeCo-MNS-1.0, the continuous amperometric i-t measurement of FeCo-MNS-
1.0‖Pt-C was employed under a constant cell voltage of 1.8 V for 40 000s. 
For zinc-air battery test, CoSe2-x-Pt catalyst was loaded on carbon fiber paper to achieve the 
mass density of 1.0 mg cm-2, functioned as cathode. Whatman glass microfibre filter was 
used as separator and Goodfellow Zinc foil was utilized as the anode. All the tests were 
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proceeded on split test cell (MTI). O2 was bubbled through the system for at least 10 min to 
saturate the reaction chamber and this was maintained throughout the experiment. 
3.5 Calculation of the activity paramters 
The mass activity (jm, A g-1) is calculated from the catalyst loading m (0.36 mg cmgeo-2) and 
the measured current density jgeo (mA cmgeo-2) (Equation 3): jm= jgeo/m       (3)  
The electrochemically active surface areas (ECSA) was determined by CV at the potential 
window 1.24-1.34 V (vs. RHE), with different scanning rate of 20, 40, 60, 80 and 100 mV/s. 
By plotting the difference between the anodic and cathodic current densities (Δj= ja- jc) at 
1.29 V (vs. RHE) against the scan rates, the resulting linear slope is twice of the double layer 
capacitance (Cdl), which can be used to represent ECSA. The specific capacitance can be 
converted into the ECSA using the specific capacitance value for a flat standard electrode 
with 1 cm2 of real surface area (Cs), and Cs is generally in the range of 20 to 60 μF cm-2. Here 
we use the average value of 40 μF cm-2 per cmECSA2 to calculate the ECSA (Equation 4).  
ECSA=Cdl/Cs                   (4)  
The TOF of Pt atoms is calculated by the Equation 5: 
TOF= (J/2F)/(mPt/M)      (5) 
where the F is Faraday constant, the j is current density, mplatinum is the mass of platinum per 
unit area and the M is atomic mass of platinum. 
The four-electron selectivity of catalysts is evaluated based on the H2O2 yield, calculated 
from the Equation 6:   H2O2 yield (%)= 200×(IR/N)/(IR/N+ID)          (6) 
The electron transfer number can be calculated from the Equation 7: 
n=4×ID/(IR/N+ID)                      (7) 
where ID and IR are the disk and ring currents, respectively, and N=0.37 is the ring collection 
efficiency.  
The Tafel equation is an equation (Equation 8) in electrochemical kinetics relating the rate of 
an electrochemical reaction to the η. On a single electrode the Tafel equation can be stated as 
η = A × ln (i/i0)         (8) 
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where η is the overpotential, the constant A is the so-called “Tafel slope”, i is the current 
density (mA/cmgeo2). i0 is the current at equilibrium, i.e. the rate at which oxidized and 
reduced species transfer electrons with the electrode. 
The Faradaic efficiency was calculated following the equation: FE = effluent flow rate* 
concentration of O2*P/R/T*F*4/j, where Effluent flow rate was measured using bubble flow 
meter; Concentration of O2 was measured through the aforementioned method; 
R is constant, 8.314; P, pressure; T, temperature, F is 96485 sA/mol; j, current. 
After collecting more than six results for each sample, their Faradaic efficiencies can be 
calculated 
 
3.5 Computational methods 
The calculations were performed within the framework of DFT as implemented in the plane 
wave set Vienna ab-initio Simulation Package (VASP) code1, 2. The generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was used to 
describe the exchange-correlation interaction3, 4. In all calculations, the van der Waals 
interaction was described by using the empirical correction in Grimme’s scheme, i.e., 
DFT+D35. Meanwhile, energy cut off and applicable k-points were set as 500 eV and 6×4×1, 
respectively. The convergence criterion for the electronic self-consistent loop was set to 10-4 
eV. The atomic structures were optimized until the residual forces were below 0.01 eV. The 
CoFe2O4 CIF (Fd3m) was used to build the slab in Chapter 5 and 6, and each slab consisted 
of five layers with 2×2 supercell. CoSe2 (101) surface was used to build the slab in Chapter 7, 
and each slab consisted of five layers with 2×2 supercell.  
In the alkaline environment, the OER process could be described with the following 
four-step mechanism (Equation 9-Equation 12): 
                   (9)                   (10) 
             (11)                (12) 
Namely, OH- would be first adsorbed on the surface active sites (labelled as *) to form OH* 
(9), then OH* would be oxidized to O* (10), next O* would associate with OH- to form 
OOH* (11), and finally OOH* would decompose to form O2 (12). 
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The adsorption free energy (ΔGads) is obtained by Equation 13: 
△Gads = △Eads + △ZPE - T△S                                  (13) 
where ΔS and ΔZPE are the contributions to the free energy from entropy and the zero-point 
vibration energy, respectively6, 7. Entropy contributions of -0.11 eV and -0.14 eV are used for 
gaseous H2O at the equilibrium pressure of 0.035 bars in contact with liquid water at 298 K, 
and for gaseous H2 at the standard condition, respectively (Equation 14-Equation 16)7. 
△EOH = E(OH*) – E(*) – [E(H2O – ½ E(H2))]              (14) 
△EO = E(O*) – E(*) – [E(H2O –E(H2))]                         (15) 
△EOOH = E(OOH*) – E(*) – [2E(H2O -3/2 E(H2))]        (16) 
The Gibbs free energy changes for Equation 9-Equation 12 can be expressed as  
△G1 = △GOH - eU                       (17)            △G2 = △GO -△GOH - eU               (18) 
△G3 = △GOOH -△GO - eU             (19)          △G4 = 4.92[eV]-△GOOH - eU       (20) 
where U is the potential measured referring to the normal hydrogen electrode (NHE) at 
standard conditions. 
Therefore the theoretical η can be readily defined as: 
 ηOER = max[△G1, △G2, △G3, △G4]/e - 1.23 [V]                   (21)  
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4.1 Introduction 
The electrochemical water splitting has attracted substantial interest in recent years as it 
offers possible means for large-scale storage of intermittent energy (e.g. solar and wind) in 
the form of H21. However, the development of promising water splitting technologies is 
limited by the sluggish anodic OER, and a large η that requires big energy consumption to 
produce H2 at a practical rate2. Currently, RuO2 and IrO2 are the most widely used and 
efficient OER catalysts, but their mass application is limited by their scarcity, high cost, and 
instable catalytic performance3. Therefore, the development of highly efficient and stable 
OER catalysts based on earth-abundant metals will be key for the improving of H2 production 
capability. 
A myriad of alternative OER catalysts based on earth-abundant metals (e.g. Mn, Fe, Co, and 
Ni), including metal oxides4-7, hydroxides8-10, perovskite solids1, 11, 12, phosphates13-15, 
chalcogenides16-18, and borates14, 19, have been studied. It was found that the OER activities of 
single metal oxides were relatively low and in the order of NiOx>CoOx>FeOx>MnOx20. To 
improve their electrocatalytic performance, increasing the reactivity and number of active 
sites are the two effective ways as active sites play a crucial role in catalytic process. The 
incorporation of Fe3+ ion into the metal oxides or hydroxides has been proved that it can 
significantly improve the reactivity and reduce the η for OER10, 21, 22. Importantly, creating 
defects on the catalysts (metal oxides or graphene) can remarkably increase the reactivity of 
active sites, leading to a significantly enhanced activity23. For example, the defects derived 
through removing heteroatoms from graphene could be effective for ORR, OER, and HER, 
and the activity of the defect graphene for all three reactions are much better than the N-
doping graphene24. Besides, through applying Ar plasma to engrave Co3O4 nanosheets, 
abundant Vo could be successfully generated on the oxide surface25. The plasma-engraved 
Co3O4 presented a higher conductivity and enhanced catalytic activity for OER. Moreover, 
Kim et al. used H2 gas to reduce Mn4+ ions of CaMnO3 perovskite to Mn3+ so as to form the O 
deficient CaMnO2.5. Due to its molecular-level Vo and high spin electron configuration on 
Mn3+ in the crystal structures, CaMnO2.5 showed a higher OER activity than CaMnO326. The 
simple introduction of the A-site cation deficiency on LaFeO3 perovskite can also create 
surface Vo and significantly enhance its ORR and OER electrocatalytic activities27. Apart 
from improving the reactivity and the active sites, enhancing the mass transfer through 
increasing the surface area or growing the catalysts into two-dimensional nanosheets with 
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ultrathin thickness could remarkably enhance the performance of the OER catalysts as well. It 
was found that NiCo2O4 nanosheets with a thickness of 1.6 nm exhibited a current density 
that about 40 times larger than that of the bulk sample23. 
Herein, we report a facile strategy using NaBH4 as reductant to produce iron-cobalt oxide 
nanosheets rich in Vo, supposing to provide more active sites for OER catalysis. The iron-
cobalt oxide nanosheet is denoted as FexCoy-ONS, in which x/y represents the molar ratio of 
Fe/Co, expecting to increase the reactivity by the incorporation of Fe ions. The materials 
form atomically thin sheets that may facilitate the mass/electron transfer. Combining all three 
above advantages, the designed and targeted synthesized materials should exhibit excellent 
OER activity. As expected, the optimised Fe1Co1-ONS achieves 10 mA cm-2 at the η of only 
308 mV and a Tafel slope as low as 36.8 mV dec-1 in a 0.1 M KOH solution, among the best 
of reported data.  
 
4.2 Results and discussion 
With respect to the synthesis of the Fe1Co1-ONS (as shown in the Scheme 4-1), 0.808 g 
Fe(NO3)3∙9H2O, 0.582 g Co(NO3)2·6H2O, and 1.000 g CTAB were dissolved in 50.0 mL 
deionized water through continuously stirring for 0.5 h, and then an aqueous solution of 
NaBH4 (0.200 g, 20.0 mL) was added dropwise into the above solution. The solution was 
further stirred for 10 min. The products were washed with ethanol for five times to remove 
the surfactant and then dried under vacuum for two days. Fe1Co9-ONS, Fe1Co3-ONS, Fe3Co1-
ONS, and Fe9Co1-ONS represent the FeCo oxide nanosheets prepared using various Fe/Co 
molar ratios of 1/9, 1/3, 3/1 and 9/1, respectively, but with the same overall metal 
concentration. For comparison, the Fe1Co1 oxide nanoparticles (Fe1Co1-ONP) was prepared 
using hydrazine hydrate as reductant and ethylene glycol as solvent. 
 
Scheme 4-1. Schematic diagram of the preparation of Fe1Co1-ONS and Fe1Co1-ONP. 
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As Fe1Co1-ONS shows the best activity among all the FexCoy-ONS samples (Figure S4-1), 
we focused on the detailed characterizations of Fe1Co1-ONS. Scanning electron microscopy 
(SEM), atomic force microscopy (AFM), TEM, and N2 adsorption-desorption tests were 
applied to investigate the structure and morphology of the as-prepared Fe1Co1-ONS and 
Fe1Co1-ONP. Fe1Co1-ONS displayed a hierarchical microstructure with self-assembled curly 
nanosheets (Figure 4-1a and 1b). These oxide nanosheets were about 1.2 nm in thickness 
(Figure 4-1c) and 400 nm in width (Figure 4-1d). The formation of the thin layer structure 
can be attributed to the usage of CTAB with high concentration (55 mM) and NaBH4 with 
strong reducing ability in the reaction solution. The concentration of CTAB was far above its 
second critical micelle concentration (21 mM)28; therefore the CTAB micelles in the system 
tended to form the bilayer structures. Then as the H atoms of OH- ions from the 
decomposition of NaBH4 can be exchanged with the cationic head groups of CTAB29, Fe and 
Co ions bonding with OH- can reside on the exterior head groups of the CTAB bilayer 
structure. After the fast reduction by NaBH4 the metal ions dissolved in the water layer could 
form the curly nanosheets. Unlike Fe1Co1-ONS, because of the slow reduction by N2H4·H2O, 
Fe1Co1-ONP formed the nanoparticles with the size ranging from 200 nm to 500 nm (Figure 
S4-2a), and these nanoparticles were consisted of even smaller particles with the diameter of 
~5 nm (Figure S4-2b). Fe1Co1-ONS also possessed much larger surface area than Fe1Co1-
ONP (Figure S2c and d). Besides, from the selected-area electron diffraction (SAED) 
analysis (Figure 4-1e) it can be found that there was only a weak reflection halo in the 
diffraction pattern of Fe1Co1-ONS, indicating the lack of regular periodicity in the atomic 
lattice of the nanosheets. XRD test could further prove this as only one weak peak at 36.2o 
can be observed in the pattern of Fe1Co1-ONS (Figure S4-3). In contrast, XRD of Fe1Co1-
ONP showed several strong peaks that could be ascribed to (111), (220), (311), (400), (511), 
and (440) planes of cubic CoFe2O4 spinel, demonstrating the high crystallinity of Fe1Co1-
ONP.  
Energy-dispersive X-ray spectroscopy (EDS) mapping with sub-nanometer resolution (Figure 
4-1f) showed an atomically uniform distribution of the Fe, Co and O in Fe1Co1-ONS. This 
homogeneity can be attributed to the homogeneous dispersion of the metal precursors in 
solution and the ultrafast reduction of the metal ions by NaBH4. Unlike the sol-gel procedure 
of homogeneously incorporating W6+ into FeCo oxy-hydroxides reported by Zhang et al30, 
the controlled hydrolysis of the metal precursors and supercritical drying with CO2 were not 
needed in this study, because the fast reduction by sodium borohydride can ensure the 
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homogeneous dispersion of metal ions and avoid the phase separation of different metals 
caused by precipitation. From EDS spectrum (Figure S4-4) and inductively coupled plasma 
optical emission spectrometry (ICP-OES) (Table S4-1), we calculated the molar ratio of 
Fe:Co in Fe1Co1-ONS to be 1:1.02, which was in excellent agreement with the designed 
molar ratio. The molar ratios of Fe:Co in other FeCo-ONS were also very close to the feed 
ratios. It suggests that sodium borohydride reduction can be a reliable process to prepare 
homogeneous multi-metal oxides with precisely controlled composition31, 32. 
 
Figure 4-1. (a, b) SEM, (c) AFM, (d) TEM images of Fe1Co1-ONS; (e) the inset exhibits a 
SAED pattern; and (f) EDS mapping of Fe1Co1-ONS. 
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The OER activities of Fe1Co1-ONS, Fe1Co1-ONP and RuO2 were evaluated in 0.1 M KOH 
electrolyte (Figure 4-2). All the catalysts were loaded onto the glass carbon electrode by 
simple drop casting with the loading of 0.36 mg cm-2. As shown in Figure 4-2a, Fe1Co1-ONS 
possessed a much higher OER activity than Fe1Co1-ONP. The Tafel slope was as low as 36.8 
mV dec-1 for Fe1Co1-ONS (Figure 4-2b). To generate 10 mA cm-2, Fe1Co1-ONS needed the η 
of only 308 mV, while Fe1Co1-ONP required 400 mV (Figure 4-2c). This OER performance 
is among the best of the reported OER activity data (Table S4-2). In contrast, high Tafel slope 
of 71.7 mV dec-1 was calculated for Fe1Co1-ONP. The smaller Tafel slope can benefit the 
practical application of the catalyst because it can provide a more significantly increased 
OER rate with the increase of η. At η=350 mV, Fe1Co1-ONS showed a TOF value of 0.022 s-
1 and OER mass activity of 54.9 A g-1 (Figure 4-2d and 2e), respectively. The former is 3.9 
times that of Fe1Co1-ONP and 2.3 times that of RuO2, while the latter is 5.7 times that of 
Fe1Co1-ONP and 5.8 times that of commercial RuO2, respectively. The superior OER activity 
of Fe1Co1-ONS can be ascribed to the synergistic effect between its macroscopic 
morphological features and microscopic atomic/electronic structure33. The specific surface 
area of Fe1Co1-ONS reached up to 261 m2 g-1, which was significantly larger than those of 
the reported metal oxides1, 5, 6, 34, 35, metal oxide-carbon composites36, 37, and layered double 
oxides (LDHs)38, 39, which were ranging from 30 to 170 m2 g-1. The higher surface area could 
facilitate the infiltration of electrolyte into the interior Fe1Co1-ONS, and hence ensure good 
electrical contact with the electrolyte so as to improve their surface reaction33. Meanwhile, 
the thickness of Fe1Co1-ONS was only 1.2 nm (Figure 4-1c), even thinner than the exfoliated 
NiFe LDH (~4 nm)8. The ultrathin nanosheets of Fe1Co1-ONS enabled the generation of low-
coordinated Co3+ atom on their surfaces, which can serve as the OER catalytically active 
sites33. This specific morphology allowed rapid electron transport along the two-dimensional 
conducting path of the atomically thin Fe1Co1-ONS sheets. 
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Figure 4-2. (a) CVs of Fe1Co1-ONS, Fe1Co1-ONP and RuO2; (b) Tafel plots of Fe1Co1-ONS, 
Fe1Co1-ONP and RuO2 derived from (a); (c) overpotentials required for J=10 mA cm-2. (d) 
TOFs calculated from current at η=350 mV; (e) mass activities at η=350 mV.  
The abundant Vo in Fe1Co1-ONS play key roles to promote OER activity. XPS was applied 
to reveal the valence of cations and the existence of Vo on Fe1Co1-ONS and Fe1Co1-ONP, 
respectively. The fine-scanned Co 2p spectra were fitted to investigate the oxidation states of 
Co atoms with different valences (Figure 4-3a and 3c)23, 25. The two fitted peaks for Co 2p3/2 
are Co3+ (ca. 780.0 eV) and Co2+ (ca. 781.1 eV), respectively. It should be noted that the 
atomic ratio of Co2+/Co3+ for Fe1Co1-ONS is 0.89, while that for Fe1Co1-ONP is only 0.50. 
According to the previous study21,22, the higher atomic ratio of Co2+/Co3+ can be indicative of 
the relatively more Vo. In this case, it presents higher Vo density in Fe1Co1-ONS. Meanwhile, 
the O 1s spectra (Figure 4-3b and 3d) can be deconvoluted into four characteristic peaks of O 
atoms bound to metals (529.9 eV for O1), defect sites with a low O coordination (531.6 eV 
for O2), hydroxyl groups or the surface-adsorbed O (532.5 eV for O3), and adsorbed 
molecular water (533.4 eV for O4)23, 27.  The higher O2 ratio of Fe1Co1-ONS also indicated 
that Fe1Co1-ONS possessed more Vo than Fe1Co1-ONP.  
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Figure 4-3. (a, c) Fitted Co 2p spectra for Fe1Co1-ONS (a) and Fe1Co1-ONP (c); (b, d) fitted 
O 1s spectra for Fe1Co1-ONS (b) and Fe1Co1-ONP (d); (e) the capacitive currents of Fe1Co1-
ONS and Fe1Co1-ONP measured at 1.19 V vs RHE was plotted as a function of scan rate 
pristine; (f) Nyquist plots of OER on Fe1Co1-ONS and Fe1Co1-ONP.  
To further confirm the presence of Vo, photoluminescence spectroscopy was applied to test 
the samples. From Figure S4-5 it can be found that both of the Fe1Co1-ONS and Fe1Co1-ONP 
exhibited a peak at ~410 nm, which could be contributed to the recombination of the photo-
generated hole with the single-electron-trapped Vo23. Meanwhile, the peak intensity 
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illustrated that the atomically thin Fe1Co1-ONS possessed much higher Vo amount than the 
Fe1Co1-ONP, which agrees well with the XPS result. The electrochemical surface areas 
(ECSA) of Fe1Co1-ONS and Fe1Co1-ONP were calculated via the CV measurement. It can be 
found in Figure 4-3e that the double-layer capacitance (Cdl) of Fe1Co1-ONS was 7.90 mF cm-
2, which was much higher than that of Fe1Co1-ONP (4.35 mF cm-2). Because the charge 
transfer resistance (Rct) is closely related to the OER process, consequently, the 
electrochemical impedance spectra (EIS) of Fe1Co1-ONS and Fe1Co1-ONP were tested at η 
=400 mV. As can be seen in Figure 4-3f, the Rct of Fe1Co1-ONS was 26.1 Ω, while that of 
Fe1Co1-ONP was 35.3 Ω. This much smaller Rct of Fe1Co1-ONS indicates that Fe1Co1-ONS 
has lower charge transfer resistance for OER owing to the higher amount of Vo23, 25. 
It has been reported that Co3+ could be considered as the active site for OER (Co3+/Co4+ peak 
at ∼1.24−1.54 V), while Co2+ plays the significant role in the ORR catalysis (Co2+/Co3+ peak 
at ∼1.07−1.1 V)40-43. Moreover, through conducting DFT calculations, it was found that the 
two electrons neighbouring Vo that previously occupied O 2p orbitals would become 
delocalized around the nearby Co3+ atoms, and enable the low-coordinated Co3+ centre more 
active towards the adsorption of H2O23, 44. Meanwhile, the delocalized electrons near the Vo 
would be easily excited into conduction band; thus enhancing the conductivity and 
electrocatalytic performance of the catalyst. In Figure 4-2a, a strong Co3+/Co4+ peak can be 
found in the oxidation branch of the cyclic voltammogram (CV) of Fe1Co1-ONS, but it was 
not observable in the CV of Fe1Co1-ONP. Therefore, the abundant Vo of the Fe1Co1-ONS 
can facilitate the oxidation process of Co3+ to Co4+ and promote the OER process. The OER 
catalytic current of Fe1Co1-ONS started at about 1.46 V and then increased sharply with 
increasing potential. Figure 4-4 depicts this OER cycle, wherein the formations of OH-, O2-, 
and OOH- intermediates are reconciled with the utilization of surface Co3+ (close to an Vo) in 
the formation of surface-adsorbed hydroperoxide (Step 2). When the surface Co3+ is oxidized 
to Co4+, its electrophilicity is improved and can facilitate the adsorption of nucleophilic 
species OH- to form OOH- intermediates, resulting in a lattice vacancy that can be 
subsequently replenished from the bulk electrolyte (Step 3 and 4). 
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Figure 4-4. The OER mechanism of Co3+ active site near an oxygen vacancy ([Vo]).  
The amount of doped Fe3+ ions also plays an important role in determining the OER 
performance of the FexCoy-ONS. Figure S4-1 shows the CVs and Tafel slopes of FexCoy-
ONS. As to Co-ONS, only the Co2+/Co3+ peak at ∼1.07-1.1 V can be observed, displaying a 
low mass activity of 1.4 A g-1 at η=350 mV (Table S4-2). After doping small amount of Fe3+ 
ions (Fe1Co9-ONS), the Co3+/Co4+ peak at ∼1.24−1.54 V appeared in the CV, indicating the 
simultaneous oxidation of Co2+ and Co3+. The mass activity at η=350 mV significantly 
increased to 12.2 A g-1 (Table S4-2). Actually, it has been reported that the OER activity of 
the pure CoOOH surface can be improved through doping Fe atoms45. The improvement can 
be attributed to a change in ΔGOH and ΔGO-ΔGOH at the Co sites, and can be rationalized by 
the difference in electron affinity between Co and Fe ions. Similarly, in our system, the 
doping of Fe atoms could also lead to a change in ΔGOH and ΔGO-ΔGOH at the Co sites, and 
facilitate the formation of OH- and O2- intermediates on the surface Co3+ that close to an Vo, 
promoting the oxidation of Co3+ to Co4+. By further increasing Fe doping molar ratios to 50%, 
the mass activity at η=350 mV even increased to 54.9 A g-1. However, the excess doping 
amount of Fe would lead to the deterioration of OER performance as Fe oxide itself is not an 
active catalyst for OER21. Therefore, the optimal doping of Fe3+ ions could effectively 
promote the oxidation of Co3+ to Co4+, leading to the high OER performance.  
The stability tests of the Fe1Co1-ONS and RuO2 at a constant η of 300 mV were conducted in 
0.1 M KOH by chronoamperometry methods (Figure S4-6). The current density of Fe1Co1-
ONS increased by 11.2% after 10000 s of testing, while that of RuO2 decreased by 40.0%. 
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The degradation in the OER performance of RuO2 can be attributed to a rapid loss in active 
sites arising from structural changes3,34. With respect to the Fe1Co1-ONS, it can be found 
from Figure S4-7 that the Co2+/Co3+ ratio and O2 ratio of the Fe1Co1-ONS both significantly 
increased after the stability test, indicating that more Vo were created during the 
electrochemical processing, and as a result its OER current density increased by 11.2%. 
Meanwhile, through testing the concentration of evolved O2 concentration via gas 
chromatography, the Faradaic efficiency of RuO2 can be calculated to be 102±5%, while 
that of Fe1Co1-ONS to 95±3%. These results indicate that product of this process for both 
RuO2 and Fe1Co1-ONS is O2. These results revealed the outstanding stability of Fe1Co1-ONS 
under relatively harsh condition, showing that it can be a very promising as an efficient and 
robust OER catalyst. 
 
4.3 Conclusions 
To summarize, the ultrathin iron-cobalt oxide nanosheets rich in Vo that prepared by NaBH4 
fast reduction have been demonstrated to be efficient OER catalysts. At η=350 mV, Fe1Co1-
ONS shows an OER current density of 54.9 A g-1 in 0.1 M KOH, which is 5.7 times that of 
Fe1Co1-ONP and 5.8 times that of commercial RuO2, and even higher than that of most of 
reported OER catalysts. The characterization results confirmed that the excellent performance 
of Fe1Co1-ONS can be attributed to its abundant Vo and atomically thin sheets, which can 
significantly increase the reactivity and number of the surface active sites. We believe that 
this facile NaBH4-reduction material synthesis strategy will be useful for fabricating high-
efficiency electrocatalysts for application in many electrochemical reactions and systems.  
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4.5 Supporting information 
Table S4-1. Mass ratios of Fe, Co of the nanosheets obtained from ICP-OES. 
Catalyst Fe (wt%) Co (wt%) Molar ratio 
Fe1Co1-ONS 16.89 18.17 1:1.02 
Fe1Co3-ONS 9.31 30.82 1:3.05 
Fe3Co1-ONS 27.12 9.28 3.07:1 
Fe1Co9-ONS 3.70 34.19 1:8.91 
Fe9Co1-ONS 33.85 3.98 8.98:1 
Co-ONS --- 37.21 --- 
Fe-ONS 33.30 --- --- 
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Table S4-2. Comparison of OER catalytic parameters at η=350 mV (1.58 V vs. RHE) in 0.1 
M KOH. 
Catalyst Eletrolyte (KOH) η at J= 10 mA cm-2 (mV) 
Mass activity 
(A g-1) at η=350 mV 
Tafel  slope (mV dec-1) 
TOF at  η=350 mV  (s-1) 
Ref. 
Fe1Co1-ONS 0.1 M  308 54.9 36.8 0.0214 this work 
Fe1Co3-ONS 0.1 M  348 29.0 50.6 0.0117 this work 
Fe3Co1-ONS 0.1 M  323 50.0 47.0 0.0201 this work 
Fe1Co9-ONS 0.1 M  420 12.2 71.7 0.0048 this work 
Fe9Co1-ONS 0.1 M  --- 4.2 73.9 0.0017 this work 
α-MnO2 0.1 M 490   77.5  5 
NiCo-LDH-NS 1.0 M  334 22.8 45.0  8 
NG-CoSe2 0.1 M  366  40.0  16 
Ni2P 1.0 M 290  47.0  19 
MWCNTs-Ni(OH)2 0.1 M 474 --- 87  36 CoFe2O4/graphene 0.1 M 464    37 
RuO2 0.1 M 420 27.4 80.1 0.0095 38 
O-NiCoFe-LDH 0.1 M 420  93  39 
NiFe-LDH/CNT 0.1 M  308  35.0  S1 
2.5-Ni-amor 0.1 M  360 51.1 60.0 0.0133 S2 
20 wt% Pt/C 0.1 M --- 10.5 274 0.0053 S2 
Ni0.9Fe0.1 Ox 1.0 M 336  30.0  S3 
Au@Co3O4 0.1 M  44.4 60  S4 
NiFe LDH/oGSH 0.1 M 350 39.4 54  S5 
Co3S4/NCNTs 0.1 M 430 36.2 70.0  S6 
Mn0.1Ni1-10 h 0.1 M 420 ---   S7 
NiCo-LDH 0.1 M 420 --- 113  S8 
Co3O4 /mMWCNT  0.1 M 390  65  S9 Mn3O4/CoSe2 0.1 M 450  49  S10 
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Figure S4-1. (a) CVs of Fe-ONS, Co-ONS, Fe9Co1-ONS, Fe3Co1-ONS, Fe1Co1-ONS, 
Fe1Co3-ONS, and Fe1Co9-ONS. (b) Tafel plots derived from (a).  
 
 
Figure S4-2. (a) SEM, (b) TEM images of the as-prepared Fe1Co1-ONP; (c, d) N2 
adsorption-desorption isotherms of Fe1Co1-ONS (c) and Fe1Co1-ONP (d).  
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Figure S4-3. Powder XRD patterns of Fe1Co1-ONS and Fe1Co1-ONP. 
 
 
Figure S4-4. EDS pattern of Fe1Co1-ONS. 
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Figure S4-5. Room-temperature photoluminescence spectra of Fe1Co1-ONS and Fe1Co1-
ONP.  
 
 
Figure S4-6. Chronoamperometry curves of Fe1Co1-ONS and RuO2. 
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Figure S4-7. (a) Fitted Co 2p spectrum and (b) fitted O 1s spectrum for the Fe1Co1-ONS 
after stability test.  
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5.1 Introduction 
Two-dimensional (2-D) materials, including graphene1, 2, transition-metal dichalcogenides 
(TMDs)3-8, transition-metal oxides9-11, and transition-metal oxy-hydroxides12-16, have been 
widely applied in planar spintronic, high-conductivity electrodes, and high-efficiency 
photo/electro-catalysis17, 18. Chemical modification of these inorganic 2-D nanomaterials by 
engineering their electronic and band structures can remarkably promote their application 
performance3. Specifically, heteroatom incorporation19-22, defect engineering23-25, and surface 
modulation5, 26 are three main applicable chemical modification methodologies to modulate 
their intrinsic physicochemical properties while maintaining the 2-D freestanding structures. 
As defects exist throughout nature and can tailor the intrinsic physical properties of materials 
even in an extremely low concentration, great efforts have been devoted into the artificially 
surface defect engineering22-28. To date the surface defects can be mainly introduced through 
edge sites creation, surface vacancy controlling and heteroatom substitution27.  
It is important to control the defect type, concentration, and distribution on the materials, so 
as to tailor the relation between structure and property, but it is obviously challenging. It is 
reported that removing nitrogen atoms from N-doped graphene (NG) can introduce abundant 
defects such as edge pentagon, 585 defect and 7557 defect in graphene to form the defective 
graphene (DG) with much better ORR, OER and HER performance than pristine graphene 
and NG23. Aside from carbon defects, the introduction of defects like Mo4+ edge sites and 
sulfur vacancies onto pristine monolayer MoS2 by O2 plasma exposure and H2 treatment can 
lead to a significant improvement of HER activity24. Vo, owing to its ubiquity in oxide 
materials, offers another opportunity to tune the electrical conductivity and charge 
redistribution of the metal oxide catalysts. A direct way to create the Vo is to endow metal 
oxides with ultrathin 2-D structure due to the nature of low-coordination of metallic ions and 
O atoms29, but the density of Vo is low and hard to control. Recently, argon plasma has been 
applied to purposely generate Vo on metal oxides, and the engraved oxides have a high 
concentration of Vo thus present a much higher conductivity and an enhanced catalytic 
activity for OER27. It has come to our attention that the hydrogenation process can produce 
abundant Vo onto the surface of TiO2. Unlike pristine TiO2, which can absorb only ultraviolet 
light when used as a photocatalyst, the hydrogenated TiO2 shows substantial photocurrent 
improvement in the entire potential window due to the Vo (local disordering) that serving as 
electron donors25, 28.  
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As shown in Chapter 4, the 2-D iron-cobalt oxide (Fe1Co1Ox) has shown an exceptional 
OER activity owing to the high concentration of Vo9. However, the Vo are created during the 
process of intense NaBH4 reduction and difficult to control. We hypothesize that if the 
concentration of Vo can be further tuned to an optimal condition, the OER activity of the 
material should be significantly improved. Accordingly, a post-hydrogenation treatment is 
used to process the original Fe1Co1Ox (Fe1Co1Ox-origin). The hydrogenated iron-cobalt oxide 
nanosheets are denoted as Fe1Co1Ox-y-z, in which x, y, and z represent the O content, 
hydrogenation temperature and H2 pressure, respectively. The hydrogenation can precisely 
control the density of Vo at a relatively low temperature (≤ 200oC) under high H2 pressure 
(up to 4.0 MPa) to improve the OER performance without inducing phase transformation or 
phase separation of the binary-metal oxides. Therefore, the effect of Vo density on the OER 
performance of metal oxide catalysts can be investigated. Combined with the various 
characterizations and DFT calculations, it is found that the optimal hydrogenation condition 
is at 200 oC under 2 MPa, which can introduce the density of Vo (34% for O2 ratio in O 1s 
XPS spectrum) onto the metal oxide surface. As expected, the optimized Fe1Co1Ox-200 oC-
2.0 MPa exhibits a overpotential of only 225 mV at 10 mA cm-2, which is 1.9 times of 
Fe1Co1Ox-origin in a 1.0 M KOH. The OER activity and kinetics (a Tafel slope as low as 
36.0 mV dec-1) are among the best of reported results (Table S5-1).  
 
5.2 Results and discussion 
To better study the effect of Vo density on the OER performance, in this work Fe1Co1Ox 
nanosheet was firstly calcined in argon atmosphere at 300 oC, and then annealed in H2 
atmosphere (0.5-4.0 MPa) at 200-400 oC for 30 min to introduce different amounts of Vo 
(Figure 5-1a). X-ray diffraction (XRD) patterns of the Fe1Co1Ox-origin and the hydrogenated 
Fe1Co1Ox-y-z samples are shown in Figure 5-1b. The peaks at 36.4o, 44.3o and 64.5o can all 
be found in the XRD patterns of Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples, which are 
indexed to the (311), (400), and (440) planes of the cubic Co3O4 phase (PDF #:04-014-7752), 
indicating the preservation of crystal structure after the hydrogenation at 200 oC. Under this 
condition, the morphology of Fe1Co1Ox-200 oC-z (Figure 5-1e, Figure S5-1a and 1c) shows 
no obvious difference from Fe1Co1Ox-origin (Figure 5-1g). They all display a hierarchical 
microstructure, and are composed of self-assembled curly nanosheets. 
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Figure 5-1. (a) Schematic of the hydrogenation process for creation of Vo in Fe1Co1Ox-origin; 
(b) XRD patterns of Fe1Co1Ox-origin and hydrogenated Fe1Co1Ox-y-z samples; SEM and 
TEM images of (c, d) Fe1Co1Ox-400 oC-2.0 MPa, (e, f) Fe1Co1Ox-200 oC-2.0 MPa, and (g, h) 
Fe1Co1Ox-origin; (i, j) AFM images of Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-2.0 MPa.  
These oxide nanosheets are about 1.2 nm in thickness (Figure 5-1i and 1j), which corresponds 
to two-layer iron-cobalt oxide9. However, compared with Fe1Co1Ox-origin (Figure 5-1h), the 
surfaces of Fe1Co1Ox-200 oC-z become much rougher (Figure 5-1f, Figure S5-1b and 1d). 
After being hydrogenated at 300 oC or higher, the peaks of (400) and (440) planes shifted to 
43.5o and 62.7o, respectively, which can be attributed to the cubic CoFe2O4 phase (PDF #:00-
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022-1086), demonstrating the occurrence of phase transformation. Meanwhile, particles with 
the diameter of 20 nm have been formed on the nanosheets surface (Figure 5-1c and 1d). To 
evaluate the effect of Vo density on OER performance, the influence of phase transformation 
or phase separation should be ruled out. Therefore, we focused on the comparison of physical 
properties and OER performance between Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples.  
The atomic model of cubic Co3O4 is shown in Figure 5-2a. The high-resolution TEM image 
of Fe1Co1Ox-200 oC-2.0 MPa shows the interplanar distance of 0.25 nm that can be attributed 
to the (311) plane of the cubic Co3O4 phase as seen in Figure 5-2b. Meanwhile, the rough 
surface in Figure 5-2b implies a disordered structure of Fe1Co1Ox-200 oC-2.0 MPa. This 
indicates the O loss during the hydrogenation compared with the perfect structure23 (Figure 5-
2c indicates one possible position of Vo). With the loss of O, more low-coordinated Co3+ 
atoms are exposed on the Fe1Co1Ox-200 oC-2.0 MPa surface. The molar ratios of Fe:Co:O of 
the Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples are verified by the inductively coupled 
plasma optical emission spectrometer (ICP-OES) and XPS survey scan to be about 1:1:2 
(Figure S5-2). More precisely, XPS high-resolution scan reveals the existence of Vo on 
Fe1Co1Ox-origin and the Fe1Co1Ox-200 oC-z samples. The O 1s spectra for the samples can 
be deconvoluted into four peaks (Figure 5-2d), including the O1 peak of O atoms bound to 
metals (529.9 eV), O2 peak of defect O (O22-, 531.6 eV), O3 peak of hydroxyl groups or 
surface-adsorbed O (532.5 eV), and O4 peak of adsorbed molecular water (533.4 eV)29. The 
O2 peak intensity ratio clearly increases from Fe1Co1Ox-origin (27%) to Fe1Co1Ox-200 oC-
4.0 MPa (45%), indicating the continuous increase of Vo with the rise of H2 pressure9, 29. The 
fine-scanned Co 2p spectra are also fitted to study the oxidation states of Co species (Figure 
5-2e). The two fitted peaks for Co 2p3/2 are Co3+ (≈780.0 eV) and Co2+ (≈781.1 eV), 
respectively. It can be found that the atomic ratio of Co2+/Co3+ for Fe1Co1Ox-origin is about 
0.51, while those for Fe1Co1Ox-200 oC-0.5 MPa, Fe1Co1Ox-200 oC-2.0 MPa, and Fe1Co1Ox-
200 oC-4.0 MPa are 0.60, 0.66, and 0.95, respectively. According to the previous study, the 
higher atomic ratio of Co2+/Co3+ can be indicative of higher Vo density29, 30. Therefore, the 
XPS results prove that the Vo density on the oxide surface increases with the H2 pressure 
during the hydrogenation process31. Photoluminescence spectroscopy (PLS) as seen in Figure 
5-2f indicates that the Fe1Co1Ox-origin and all the Fe1Co1Ox-200 oC-z samples exhibit a peak 
at ~ 410 nm, which can be attributed to the recombination of holes with two-electron-trapped 
Vo29. The peak intensity illustrates that Fe1Co1Ox-200 oC-z samples possess an increasingly 
higher amount of Vo than that of Fe1Co1Ox-origin, which agrees well with the XPS results.  
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Figure 5-2. (a) Atomic model of cubic Co3O4; (b) High-resolution TEM image of Fe1Co1Ox-
200 oC-2.0 MPa; (c) magnified image of the defect area in (b); (d, e) Fitted O 1s and Co 2p 
XPS spectra for Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples; (f) room-temperature PL 
spectra of Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples; (g, h) EELS of the O K-edge 
and Co L2,3-edges for Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples. 
Furthermore, scanning transmission electron microscopy with electron loss spectroscopy 
(STEM-EELS) was also used to investigate Vo. The fine structures of O K-edges are shown 
in Figure 5-2g, where two prominent peaks at ~533.0 eV and ~553.0 eV can be observed in 
all the samples. The pre-edge peak at ~533.0 eV arose from the O 2p unoccupied states 
hybridized with Co 3d orbitals can be a sensitive indicator of the Vo31, while the latter peak at 
~553.0 eV is attributed to the O 2p character hybridized with the weakly structured Co 4sp 
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band31, 32. In Figure 5-2g, it can be found that the pre-edge peak of O K-edge becomes 
continuously less prominent from Fe1Co1Ox-origin to Fe1Co1Ox-200 oC-4.0 MPa, revealing 
the weakened Co 3d-O 2p hybridization by increasing Vo. Unlike O K-edge spectra, the Co 
L2,3-edges for the Fe1Co1Ox-200 oC-z samples show a similar line-shape to that of Fe1Co1Ox-
origin (Figure 5-2h), with only a minor shift (~0.7 eV) of the Co L3 peak centre to a lower 
energy. This indicates an expected increase of Vo. Collectively, the above experimental 
evidences reveal that the low temperature-high pressure H2 treatment method can be an 
efficient way to tune the Vo density on the metal oxides.  
The OER activities of RuO2, Fe1Co1Ox-origin, and Fe1Co1Ox-200 oC-z samples were 
evaluated in a 1.0 M KOH electrolyte (Figure 5-3). All the catalysts were loaded on a glassy 
carbon electrode by simple drop casting, with a loading of 0.36 mg cm-2. As shown in Figure 
5-3a, Fe1Co1Ox-200 oC-2.0 MPa shows a much better OER performance compared to RuO2, 
Fe1Co1Ox-origin, and Fe1Co1Ox-200 oC-0.5 MPa. To generate 10 mA cm-2, Fe1Co1Ox-200 oC-
2.0 MPa needs only a η of 225 mV, while RuO2, Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-0.5 
MPa require 267, 250, and 233 mV, respectively. The OER performance of Fe1Co1Ox-200 
oC-2.0 MPa is among the best of state-of-art OER catalysts in alkaline (Table S5-1). The 
Tafel slope of Fe1Co1Ox-200 oC-2.0 MPa (36.0 mV dec-1) is also smaller than that of all other 
samples (Figure 5-3b). The smaller Tafel slope can be beneficial for the practical application 
of the material as it can provide a more significant increase of OER rate with the increase of 
η. At η=350 mV, Fe1Co1Ox-200 oC-2.0 MPa can give an OER mass activity of 233.3 A g-1, 
which is 2.9 times that of RuO2, 1.9 times that of Fe1Co1Ox-origin, and 1.4 times that of 
Fe1Co1Ox-200 oC-0.5 MPa, respectively. It should be noted that after hydrogenation, the 
specific surface area of Fe1Co1Ox-200 oC-2.0 MPa (163 m2 g-1) become slightly smaller than 
Fe1Co1Ox-origin (174 m2 g-1) (Figure S5-3), but the double layer capacitance (Cdl) of 
Fe1Co1Ox-200 oC-2.0 MPa (46.0 mF cm-2) is much larger than Fe1Co1Ox-origin (23.9 mF cm-
2) (Figure 5-3c, Figure S5-4). Accordingly, the ECSA can be calculated to be 597.5, 812.5, 
1150.1 and 915.0 cmECSA2 for Fe1Co1Ox-origin, Fe1Co1Ox-200 oC-0.5 MPa, Fe1Co1Ox-200 
oC-2.0 MPa and Fe1Co1Ox-200 oC-4.0 MPa, respectively (Figure S5-5). Moreover, ECSA-
corrected specific activities of the samples have been calculated. For Fe1Co1Ox-origin, 
Fe1Co1Ox-200 oC-0.5 MPa and Fe1Co1Ox-200 oC-2.0 MPa, their specific activities are all 
about 0.205 A g-1 cmECSA-2, indicating that the intrinsic activity of the low-coordinated Co3+ 
active site is similar. Therefore, the superior OER activity of Fe1Co1Ox-200 oC-2.0 MPa 
should be attributed to the abundant Vo, promoting the generation of low-coordinated Co3+ 
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atom on the surface as the OER active sites33. Meanwhile, the Vo can enable the 
neighbouring electrons delocalized around the nearby Co3+ atom, enhancing the activity of 
low-coordinated Co3+ atom towards the OH- adsorption9, 32, 34. However, even if Vo can lower 
the charge transfer resistance for OER (Figure 5-3d), and help to improve OER activity, 
overhigh amount of Vo is possible to impede the electron transport (Figure 5-3d) and 
decrease the specific activity of the active sites (Figure 5-3c, Figure S5-5), leading to the 
deterioration of OER activity. The OER stability of Fe1Co1Ox-200 oC-2.0 MPa is also very 
good. Figure 5-3e displays that the current density of Fe1Co1Ox-200 oC-2.0 MPa can maintain 
at ~28 mA cm-2 during 10000 s of chronoamperometry test at a potential of 0.6 V vs. 
Ag|AgCl, and the polarization curve after i-t measurement shows negligible current loss 
(Figure 5-3f), while the current density of RuO2 sharply decreases by about 40%. It should be 
noted that it is a big challenge to stabilize the Vo on metal oxide surface under the highly 
oxidizing conditions of the OER process31. However, from Figure S5-6 it can be found that 
the O2 and Co2+/Co3+ ratios of Fe1Co1Ox-200 oC-2.0 MPa keep almost the same after the 
stability test, indicating that the Vo introduced by hydrogenation can survive under the 
highly-oxidizing conditions of the OER process.  
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Figure 5-3. (a) OER linear sweeping voltammetry of Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-
z samples in 1.0 M KOH; (b) the Tafel plots for OER; (c) scan rate dependence of the current 
densities (at 1.20 V versus RHE) for Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples; (d) 
Nyquist plots of OER on Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z; (e) chronoamperometry 
curves of Fe1Co1Ox-200 oC-2 MPa and RuO2 at the potential of 0.6 V vs Ag|AgCl; (f) the 
polarization curves of Fe1Co1Ox-200 oC-2.0 MPa before and after i-t measurement. 
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To further identify the catalytically active sites and the role of Vo in the OER processes, a 
series of calculations were undertaken using density function theory (DFT). Here, the 
adsorption free energies of Co and Fe are calculated by standard DFT methods without 
including the U correction. Meanwhile, the spin polarization is applied in all the calculations. 
The spin states for Co2+ and Co3+ are high-spin and low-spin, respectively35, while the spin 
state for Fe3+ is low-spin36. More details on computation can be found in the supporting 
information. Firstly, we investigate the active sites on the Fe1Co1Ox without Vo, and find that 
the adsorbed intermediates (O*, HO* and HOO*) on either Fe or Co can dissociate during the 
OER processes, suggesting the catalytic inertness of Fe1Co1Ox surface. However, when O 
atom is removed from the Fe1Co1Ox surface, the nearby surface Co atoms become 
catalytically active. The energy pathways for the OER processes were calculated to identify 
the minimum η. As can be seen from Figure 5-4, with one Vo on the surface, the Co3+ active 
sites of Fe1Co1Ox can achieve the highest OER catalytic performance under pH=14. In this 
condition, the rate determining step is the formation of O2 with a low free energy of 0.41 eV. 
When two O atoms are removed from the surface, it is found that the minimum η increases to 
0.92 eV and the formation of OOH* becomes the rate-determining step. Furthermore, when 
more than two O atoms are removed from the surface, the adsorbed intermediates (O*, HO* 
and HOO*) on Co3+ active sites are unstable and will dissociate during the OER processes. 
Our calculation results demonstrate that with the optimal amount of Vo, its nearby Co3+ can 
be the highly efficient OER active sites. However, with the further increase of Vo density, the 
OER performance of the oxide catalyst will be significantly decreased. These calculation 
results strongly support the experimental results.  
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Figure 5-4. Mechanism study of free energy diagram of oxygen vacancy in Fe1Co1Ox with 
the highest catalytic activity at the equilibrium potential of UNHE=0.404 V for OER pathway 
in alkaline media.  
 
5.3 Conclusions 
In summary, hydrogenation has been used to control the Vo density in iron-cobalt oxides 
(Fe1Co1Ox). Fe1Co1Ox-200 oC-2.0 MPa (hydrogenation at 200 oC under 2.0 MPa) 
electrocatalyst has the optimal Vo density (34% for O2 ratio) and exhibits the best OER 
performance under 1.0 M KOH. At η=350 mV, Fe1Co1Ox-200 oC-2.0 MPa shows an OER 
mass activity of 233.3 A g-1, which is 2.9 times of RuO2 and 1.9 times of Fe1Co1Ox-origin. 
However, excess amount of Vo will lead to the dissociation of the adsorbed intermediates 
thus the deterioration of the OER performance. DFT calculations show that an optimal Vo 
density is the key to improve OER activity. It is because that the vacancies can promote the 
adsorption of OH- onto nearby low-coordinated Co3+ sites, which is beneficial for the 
formation of intermediates (HO*, O* and HOO*). Prospectively, the hydrogenation method 
can be a useful way to purposely create vacancy defects on the surface of materials that can 
promote catalytic activity of specific reactions. 
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5.5 Supporting information 
 
 
Figure S5-1. SEM and TEM images of (a, b) Fe1Co1Ox-200 oC-0.5 MPa, (c, d) Fe1Co1Ox-
200 oC-4.0 MPa, and (e, f) Fe1Co1Ox-300 oC-2.0 MPa.  
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Figure S5-2. XPS survey scan spectra of Fe1Co1Ox-origin and Fe1Co1Ox-200 oC-z samples. 
 
 
 
Figure S5-3. N2 adsorption-desorption isotherms of (a) Fe1Co1Ox-origin and (b) Fe1Co1Ox-
200 oC-2.0 MPa. 
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Figure S5-4. Cyclic voltammetry curves (a) Fe1Co1Ox-origin, (b) Fe1Co1Ox-200 oC-0.5 MPa, 
(c) Fe1Co1Ox-200 oC-2.0 MPa, and (d) Fe1Co1Ox-200 oC-4.0 MPa. 
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Figure S5-5. The ECSA and ECSA-corrected specific activity of Fe1Co1Ox-origin and 
Fe1Co1Ox-200 oC-z samples. 
 
 
 
Figure S5-6. (a) Fitted O 1s spectrum and (b) fitted Co 2p spectrum for the Fe1Co1Ox-200 
oC-2 MPa after stability test.  
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Table S5-1. Comparison of OER catalytic parameters at η=350 mV (1.58 V vs. RHE) in 1.0 
M KOH. 
Catalyst η at 
J= 10 mA cm-2 (mV) 
Mass activity 
(A g-1) at η=350 mV 
Tafel  
slope 
(mV dec-1) 
Ref. 
Fe1Co1Ox-origin 250 126.4 65.3 this work 
Fe1Co1Ox-200 oC-2.0 MPa 225 233.3 36.0 this work 
RuO2 267 81.9 77.6  this work 
Ni2P 290 83.0 47.0 7 
Ni3FeN 280 173.0 46.0 8 
CoCo LDH nanosheets 334 123.3 45.0 12 
NiFe LDH-NS@G10 210 --- 52.0 16 
Defective graphene 340 46.0 97.0 21 
Plasma-engraved Co3O4 300 --- 68.0 29 
P-Co3O4 280 --- 51.6 31 
Au@ Co3O4 380 75.0 60.0 S1 
FeNi-rGo LDH on Ni foam 206 --- 39.0 S2 
CoMn LDH nanosheets 324 42.5 43.0 S3 
Amorphous Fe6Ni10Ox 286 --- 48.0 S4 
(Co0.52Fe0.48)2P 270 --- 30.0 S5 
NiMo HNRs/TiM 310 --- 47.0 S6 
Ni3N nanosheet 320 183.5 45.0 S7 
NiCo2O4 hollow microcuboids 290 130.0 53.0 S8 
CoP 345 --- 47.0 S9 
CoMnP 330 140.0 61.0 S10 
NiS2/CoS2-O NWs 235 --- 31.0 S11 
Amorphous Fe0.5Co00.5Ox 257 --- 30.1 S12 
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6.1 Introduction 
H2, because of its high gravimetric energy density and zero release during combustion, is 
considered to be a promising renewable energy and an alternative for fossil fuels1, 2. Using 
electricity or sunlight, H2 of high purity can be produced by splitting water into H2 (HER) 
and O2 (OER)3, 4. However, owing to the sluggish kinetics of OER and the inevitable 
dynamic η in water splitting, the water electrolysis efficiency is usually very low. The 
electrochemical water splitting today only satisfies 4% of the global H2 demand because of its 
high electricity consumption5. To make H2 fuel feasible for large-scale application, the 
electricity cost portion in H2 production should be lower than 1.60 $ kg-1 (US-DOE)6. But up 
to now, the electricity consumption amounts of most industrial electrolyser systems are in the 
range of 48 to 60 kWh kg-1 H26. Accordingly, even the electricity price may be reduced to 
0.037 $ kWh-1 by 2020, the minimum electricity cost of H2 is still as high as 1.78 $ kg-1, 
exceeding the DOE’s target. Therefore, efficient OER catalysts are indispensable to improve 
the energy efficiency and cycling stability of the electrolyser systems7. The precious metal 
catalysts like Ir/IrO28 and RuO29 have shown fairly high electrolytic activities, but their large-
scale application is hindered by their low element abundance, high cost and poor stability10. 
Thus, it is vital to develop low-cost alternative catalysts with high stability and O2 
electrocatalysis performance for water splitting11.  
To synthesize a promising OER catalyst, its composition, morphology, active site and 
electronic structure should be rationally designed and elaborately tuned. It is well known that 
doping carbon materials with heteroatoms (S, N, P, and Ni) can efficiently modify the 
electronic structure of the neighbouring carbon atoms, and boost the ORR and OER 
activities12-15. Besides, the defects like edge pentagon, 585 defect, and 7557 defect can be 
introduced through removing heteroatoms from doped graphene, and remarkably alter the 
charge distribution in the sp2 carbon matrix, making the obtained defective graphene efficient 
for ORR, OER, and HER catalysis16. Aside from engineering on carbon materials, tuning the 
electronic structure, metal cation composition, and Vo density of oxide electrocatalysts, such 
as spinel-type oxides (NiCo2O417, CoxMn3-xO418 and LiCo2O419), perovskite-type oxides 
(La0.3(Ba0.5Sr0.5)0.7Co0.8Fe0.2O3-δ20 and LaNiO3/N-doped carbon nanotubes21) and metal 
hydroxides (Co(OH)x/N-doped carbon22 and NiCoFe-LDH23), can effectively enhance the 
OER activities of these TMOs. However, most of these oxides still suffer from chemical 
instability due to impurities, phase precipitation, and detrimental environmental effects24, 25. 
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Specifically, for some metal oxides, the formation of Vo could significantly enhance their 
electrochemical activity, but Vo may be destructed under the highly oxidizing conditions of 
the OER process, leading to the rapid performance deterioration in long-term OER catalysis. 
To stabilize the Vo, filling them with non-metallic elements of different electronegativities 
and atomic radiuses to compensate the coordination number can be a feasible strategy25, 26. Fu 
et al. reported that the ammonolysis of the oxidized cobalt sulfide precursor could induce 
partial O substitution with S on the obtained CoO0.87S0.13/GN, and the synergistic effect 
between S and Vo can improve its reactivity and stability for OER25. Xiao et al. also found 
that in the presence of NaH2PO2, the argon plasma treatment can create Vo in Co3O4, and 
simultaneously excite the P species to fill into the Vo. The P species can not only stabilize the 
Vo, but also enhance the OER and HER reactivities of the defective Co3O4 through 
modulating its electronic structure and reactant adsorption property27. However, for these 
works, their Vo was in-situ created during the material preparation process, and thus the 
relative proportion of Vo and non-metallic elements can hardly be tuned. The synergistic 
effect between Vo and non-metallic heteroatoms need to be further investigated and 
optimized.  
In this work, following the Chapter 5, the optimal amount of Vo was firstly created on the 
iron-cobalt oxide (FeCoOx-origin) through H2 thermal treatment to obtain the defective iron-
cobalt oxide (FeCoOx-Vo)28. Then to better study the modulation effect of non-metallic 
elements on the metal oxide for OER, the atomically distributed non-metallic elements, 
including sulfur (S), nitrogen (N), and phosphorus (P), were separately introduced onto the 
FeCoOx-Vo surface through thermal treatment. The XAS and DFT calculation results prove 
that S atoms can not only be loaded onto the Vo to form Co (Fe)-S bonding, but also create 
some extra Vo on the nearby Co (Fe) sites, so as to modulate the electronic structure of the 
oxide material and improve its OER activity to the highest extent. Consequently, in 1.0 M 
KOH, FeCoOx-Vo-S exhibits a mass activity of 2440.0 A g-1 at the potential of 1.5 V vs. 
RHE, 25.4 and 9.5 times higher than that of RuO2 (96.0 A g-1) and FeCoOx-Vo (256.0 A g-1), 
respectively. When paired with the defective CoP3/Ni2P for overall water splitting, FeCoOx-
Vo-S on Ni foam (2.0 mg cm-2) can reach a current density of 245.0 mA cm-2 at the cell 
voltage of 2.0 V, and 406.0 mA cm-2 at 2.3 V, well meeting the requirement of practical 
water splitting (200~400 mA cm-2 at the cell voltage of 1.8~2.4 V) and outperforming almost 
all the reported catalysts.  
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6.2 Results and Discussion 
The preparation process of FeCoOx-Vo-S is illustrated in Figure 6-1a. The FeCoOx-origin 
was first synthesized in conformity to our previous study29. Then the Vo was created on the 
FeCoOx surface (FeCoOx-Vo) by H2 treatment28. In the presence of S powder, the FeCoOx-
Vo was heated at 300 oC for 2 h under argon environment, during which S atoms can be 
evaporated and excited to fill the Vo of FeCoOx-Vo to form the FeCoOx-Vo-S. FeCoOx-Vo-
N and FeCoOx-Vo-P can also be prepared following the above procedure, but using NH3 and 
NaH2PO2 as N and P precursors, respectively. From the TEM images it can be found that 
FeCoOx-origin, FeCoOx-Vo (Figure S6-1) and FeCoOx-Vo-S (Figure 6-1b) are all composed 
of self-assembled curly nanosheets, and the surface morphology shows no obvious difference 
after Vo creation and S atoms filling. The selected-area electron diffraction (SAED) pattern 
(Figure 6-1b inset) of FeCoOx-Vo-S shows only a weak reflection halo, disclosing its lack of 
long-range periodicity in the atomic arrangement. The X-ray diffraction (XRD) patterns of 
both FeCoOx-Vo and FeCoOx-Vo-S show weak peaks at 36.4o and 64.5o, which can be 
indexed to the (311) and (440) planes of the cubic CoFe2O4 (PDF No. 00-022-1086) (Figure 
6-1c)28. But after S filling in FeCoOx-Vo, its XRD pattern shows no additional peaks that 
ascribed to cobalt sulfate or sulfide30. No new peaks occur in the XRD patterns of FeCoOx-
Vo-N31 and FeCoOx-Vo-P as well32. The XRD results confirm that the crystal structure of 
FeCoOx-Vo would not be altered by heteroatom doping. However, compared with FeCoOx-
Vo, the XPS spectra of heteroatom filled samples show new peaks that attributed to S, N and 
P30, 33, 34, whose atom ratios are calculated to be 1.0%, 1.0% and 1.2%, respectively (Figure 6-
1d). Moreover, energy-dispersive spectroscopy (EDS) elemental mapping proves that S, N 
and P are all highly dispersed throughout FeCoOx-Vo nanosheets (Figure 6-1e-g). These 
results trigger us to assume that S, N and P species can be successfully trapped on the Vo of 
FeCoOx-Vo surface after heat treatment.  
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Figure 6-1. Preparation and morphology characterization of FeCoOx-Vo-S. (a) 
Schematic illustration of the Vo creation and S atoms doping processes on FeCoOx 
nanosheets. (b) TEM image of FeCoOx-Vo-S, and the inset is the SAED pattern of FeCoOx-
Vo-S. (c) XRD patterns and (d) XPS patterns of FeCoOx-Vo, FeCoOx-Vo-S, FeCoOx-Vo-N 
and FeCoOx-Vo-P. (e-g) EDS mapping of FeCoOx-Vo-S (e), FeCoOx-Vo-N (f) and FeCoOx-
Vo-P (g). 
XPS can also provide information about the oxidation states of the heteroatoms. In the fine-
scanned S 2p spectrum of FeCoOx-Vo-S, the sulfur-O functional groups (S-O) can be 
evidenced by the peak at about 170.0 eV, while the bonding of S and metal (Co or Fe) can be 
proven by the peak at 163.6 eV (Figure 6-2a)3. The N 1s spectrum of FeCoOx-Vo-N (Figure 
6-2b) can be split into three peaks, including the peak at 398.0 eV that ascribed to Co-N 
bonds, the peak at 400.1 eV to Fe-N bonds, and the peak at 403.0 eV to oxidized nitrogen 
species (N-O)4. In P 2p of FeCoOx-Vo-P, the peaks at 129.3 eV and 130.2 eV can be 
attributed to the combination of P and metal, while the peaks at 133.0 eV and 134.2 eV to the 
phosphorus-O functional groups (P-O)27. These data prove that a partial of the doped 
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heteroatoms would be oxidized during the thermal treatment process even in the inert argon 
environment. XAS was applied to study the fine structures of FeCoOx-origin, FeCoOx-Vo 
and FeCoOx-Vo-S. In the normalized X-ray absorption near edge structure (XANES) spectra 
(Figure 6-2d), a substantial shift of the Co K-edge XANES peak to a lower energy is 
observed for FeCoOx-Vo compared with FeCoOx-origin, indicating a lower average oxidation 
state of Co induced by H2 annealing35. After filling the Vo with S atoms, the peak shifts to an 
even lower energy. This result is different to the work reported by Xiao et al., in which the 
authors found that when the Vo of Vo-Co3O4 were refilled by P, the energy would shift back 
to a higher value as compared to that in Vo-Co3O4. The authors attributed their result to the 
smaller electronegativity of P than O27. For us, the shift of the Co K-edge XANES peak to an 
even lower energy after S atom filling can be ascribed to the high reducibility of trapped S 
species. In the high-temperature environment (300 oC), the trapped S atoms with low valence 
could grab some O atoms from the nearby Co sites to form extra Vo, and partially reduce the 
Co sites. The same tendency can be found in their Fe K-edge XANES spectra (Figure 6-2d). 
The main peak of Fe K-edge spectra shifts to a lower energy after H2 annealing, and to an 
even lower energy after S atoms loading. Meanwhile, in the S L3-edge spectrum of FeCoOx-
Vo-S, Peak a can be assigned to the transitions of S 1s and 2p electrons to S 3p- and 3s- like 
states, respectively (Figure 6-2e)36. It has been reported that Peak A would shift towards a 
higher energy with the increase of S oxidation state because the more oxidized species of S 
could form a stronger bond with the same ligand, promoting a greater overlap of S and ligand 
orbitals36. Generally, the Peak A position of S2- species is at about 162.0 eV, while that of S6+ 
species is at about 172.0 eV36. Therefore, the Peak A at about 168.0 eV of FeCoOx-Vo-S 
could indicate the partially oxidation of S atoms, which agrees well with the Co and Fe K-
edge XANES results.  
To provide more information about local atomic structure, the Fourier-transformed (FFT) 
EXAFS k3χ data for the Co K-edge and Fe K-edge (k ranges from 0 to 12.0 Å-1) of FeCoOx-
origin, FeCoOx-Vo and FeCoOx-Vo-S is displayed in Figure 6-2f and Figure S6-2. In Figure 
6-2f, the first peak could be ascribed to two Co-O bonds that comprised of an octahedral 
Co3+-O (Oh) shell and a tetrahedral Co2+-O (Td) shell, while the second peak is originated 
from the Co-Co and Co-Fe bonds27, 37. The first peak of FeCoOx-origin is at about 1.4 Å, but 
it shifts to about 1.5 Å after H2 thermal treatment, indicating the increase of Co2+/Co3+ ratio. 
Meanwhile, the obviously decreased intensity of the first peak for FeCoOx-Vo than FeCoOx-
origin verifies the successful creation of abundant Vo. The EXAFS data fitting results show 
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that compared with FeCoOx-origin, the coordination numbers (C.N.) for Co-O1 (the first Co-
O shell, Oh shell) and Co-O2 (the second Co-O shell, Td shell) of FeCoOx-Vo reduce by 0.5 
and 0.5, respectively (Figure 6-2g, Figure S6-3). After loading the S atoms, the Co-S peak 
can be fitted in EXAFS data of FeCoOx-Vo-S, whose C.N. is 2.0, verifying the successful 
loading of S atoms onto Vo and formation Co-S bond38. Moreover, the first peak intensity of 
FeCoOx-Vo-S decreases slightly, and C.N. for Co-O1 and Co-O2 reduce by 0.5 and 0.5 as 
compared to FeCoOx-Vo. The similar results can be found in the FFT EXAFS k3χ data of Fe 
K-edge (Figure S6-4). The first peak can be attributed to two Fe-O bonds, including the 
octahedral Fe3+-O (Oh) shell and a tetrahedral Fe2+-O (Td) shell, while the second peak to the 
Fe-Co and Fe-Fe bonds39. After introducing the Vo, the C.N. for Fe-O1 (Oh shell) and Fe-O2 
(Td shell) decrease by 0.5 and 0.5, respectively. And they further decrease by 0.5 and 0.5 after 
S atoms doping. The Fe-S peak can also be fitted and its C.N. is 3.0. These EXAFS data 
prove that S with low valence could be trapped by Vo to form Co-S, and meanwhile grab O 
atoms from the Co(Fe)-O species to form extra Vo, significantly tuning the local electronic 
structure of Co and Fe active sites. 
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Figure 6-2. The structural characterizations of FeCoOx-Vo-S. (a) High-resolution S 2p 
XPS spectrum of FeCoOx-Vo-S. (b) N 1s XPS spectrum of FeCoOx-Vo-N. (c) P 2p XPS 
spectrum of FeCoOx-Vo-P. (d) Co K-edge and Fe K-edge XANES spectra for FeCoOx-origin, 
FeCoOx-Vo and FeCoOx-Vo-S. (e) S L3-edge for FeCoOx-Vo-S. (f) The k3-FFT EXAFS 
spectra of the Co R-space for FeCoOx-origin, FeCoOx-Vo and FeCoOx-Vo-S. (g) The EXAFS 
fitting results of Co R-space for FeCoOx-origin, FeCoOx-Vo and FeCoOx-Vo-S.  
The heteroatom filling into the Vo of FeCoOx and the followed extra Vo creation can produce 
more active sites, optimize the electronic structure, and therefore enhance its electrocatalytic 
activity. The effect of the heteroatom filling on the OER performance of FeCoOx is 
investigated in 1.0 M KOH. It should be noted that the existence of Vo is crucial for the S 
trapping and OER activity enhancement (Figure 6-3a). For comparison, FeCoOx-origin was 
also treated with S powder at 300 oC to obtain FeCoOx-origin-S, whose loaded S content was 
about 1.1% (Figure S6-5). Consequently, to achieve a current density of 50.0 mA cm-2, 
FeCoOx-origin-S (263 mV) and FeCoOx-Vo-S (240 mV) need a much lower η than FeCoOx-
origin (366 mV) and FeCoOx-Vo (304 mV), indicating the high efficiency of S doping on 
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improving the OER activity. But it is noteworthy that even the same amount of S is loaded, 
the current density of FeCoOx-Vo-S (103.5 mA cm-2) is about three times higher than that of 
FeCoOx-origin-S (35.0 mA cm-2) at η=250 mV. This may be because that FeCoOx-Vo 
possesses much more Vo than FeCoOx-origin28, and they can more efficiently trap S atoms to 
form the Co-S (Fe-S) bonding, as well as grab the neighbouring O atoms to form Vo. In this 
way, S atoms can remarkably tune the electronic structure of Co active sites. But for FeCoOx-
origin-S, most of the S atoms may exist as Co-O-S (Fe-O-S) (Figure S6-6), which cannot 
tune the electronic structure as efficiently as Co-S, leading to its lower OER activity.  
N and P atoms doping can also obviously improve the OER activity of FeCoOx-Vo (Figure 6-
3b). At η=250 mV, FeCoOx-Vo-N and FeCoOx-Vo-P can achieve a current density of 44.5 
mA cm-2 and 36.4 mA cm-2, much higher than that of FeCoOx-Vo (18.8 mA cm-2) and 
commercial RuO2 (7.7 mA cm-2), but still lower than that of FeCoOx-Vo-S. The superior 
OER activity of FeCoOx-Vo-S should be attributed to the better modulation effect of S 
species than N and P species on interaction between Co active sites and OER intermediates. 
DFT calculation is conducted to prove this assumption. Moreover, to achieve a high current 
density of 200.0 mA cm-2, FeCoOx-Vo-S needs a potential as low as 1.490 V, significantly 
smaller than that of RuO2 (1.817 V) and FeCoOx-Vo (1.733 V) (Figure 6-3c). Besides, 
FeCoOx-Vo-S exhibits a mass activity of 2440.0 A g-1 at the potential of 1.5 V, 25.4 and 9.5 
times higher than that of RuO2 (96.0 A g-1) and FeCoOx-Vo (256.0 A g-1), respectively 
(Figure 6-3d). The Tafel slope of FeCoOx-Vo-S (21.0 mV dec-1) is also obviously lower than 
that of FeCoOx-Vo (41.5 mV dec-1) and RuO2 (54.3 mV dec-1), revealing the significantly 
faster charge transfer of FeCoOx-Vo-S (Figure 6-3d). All the results demonstrate that 
FeCoOx-Vo-S is an excellent OER catalyst in alkaline solution.  
To further evaluate the actual performance of FeCoOx-Vo-S in water electrolysis, a two-
electrode electrolyser (FeCoOx-Vo-S ‖ CoP3/Ni2P-D) was assembled using FeCoOx-Vo-S and 
defective CoP3/Ni2P (CoP3/Ni2P-D) (both loaded on Ni foam at a loading of 2.0 mg cm-2) as 
anode and cathode, respectively. The water splitting activity of the cell was measured in 1.0 
M KOH. The CoP3/Ni2P-D was a promising HER catalyst that previously reported by our 
group, which needed a η as low as 37.0 mV to achieve a current density of 10.0 mA cm-2 in 
1.0 M KOH, even lower than the commercial 20% Pt/C (64.0 mV). For comparison, the 
FeCoOx-Vo-S paired with Pt/C (FeCoOx-Vo-S ‖ Pt/C) and RuO2 paired with Pt/C (RuO2 ‖ 
Pt/C) were also assembled and tested under the same conditions. As is known that to meet the 
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requirement of industrial alkaline water splitting, the current density should reach up to 
200~400 mA cm-2 at the cell voltage of 1.8~2.4 V6. From Figure 6-3e and 3f it can be found 
that in 1.0 M KOH, the FeCoOx-Vo-S ‖ CoP3/Ni2P-D reaches 245.0 mA cm-2 at 2.0 V and 
406.0 mA cm-2 at 2.3 V, clearly outperforms FeCoOx-Vo-S ‖ Pt/C (225.0 mA cm-2 at 2.0 V) 
and RuO2 ‖ Pt-C (149.0 mA cm-2 at 2.0 V), and most of the reported catalysts. Obviously, the 
pair of FeCoOx-Vo-S ‖ CoP3/Ni2P-D can well meet the requirement of practical water 
splitting. Therefore, at a given voltage, the FeCoOx-Vo-S ‖ CoP3/Ni2P-D could produce a 
larger amount of H2 than other catalysts in the same time, and more effectively decrease the 
electricity cost when producing the same amount of H2. Meanwhile, FeCoOx-Vo-S ‖ 
CoP3/Ni2P-D displays a promising water splitting stability. Even working at the cell voltage 
as high as 1.8 V in 1.0 M KOH for 40 000s, the FeCoOx-Vo-S ‖ CoP3/Ni2P-D can keep 
96.0% of its original current density (Figure S6-7), proving that S can effectively stabilize the 
Vo in the harsh reaction condition. The excellent activity and promising stability of FeCoOx-
Vo-S ‖ CoP3/Ni2P-D demonstrate that it can be an ideal candidate for scalable H2 production.  
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Figure 6-3. Electrochemical oxygen evolution activities evaluation. (a) OER polarization 
curves of FeCoOx-origin, FeCoOx-Vo, FeCoOx-origin-S and FeCoOx-Vo-S in 1.0 M KOH. (b) 
OER polarization curves of RuO2, FeCoOx-Vo, FeCoOx-Vo-S, FeCoOx-Vo-N and FeCoOx-
Vo-P in 1.0 M KOH. (c) OER polarization curves of RuO2, FeCoOx-Vo and FeCoOx-Vo-S in 
1.0 M KOH to reach a high OER current density. (d) The comparison of mass activity at the 
potential of 1.5 V vs. RHE and Tafel slope among RuO2, FeCoOx-Vo and FeCoOx-Vo-S in 
1.0 M KOH. (e) Polarization curves of RuO2 ‖ Pt/C, FeCoOx-Vo-S ‖ Pt/C and FeCoOx-Vo-S ‖ 
CoP3/Ni2P-D coupled catalysts (both loaded on Ni foam at a loading of 2.0 mg cm-2) for 
overall water splitting with a scanning rate of 5.0 mV s-1 in 1.0 M KOH without iR-correction. 
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(f) The overall water splitting activity comparison among FeCo-MNS-1.0 ‖ Pt-C, RuO2 ‖ Pt-C, 
Ir ‖ Pt-C40, a-CoSe/Ti41, Co9S8/NOSC42, CoFePO43, CoP/NC44, CoNiP45, Ni-NiP45, 
NiFeOx/CNF46, NiMo47, NiS/NF48, NiSe/NF49 and Ni5P450. 
Based on the experimental data, we attribute the outstanding OER activity of FeCoOx-Vo-S 
to the creation of Vo and loading of S species. To verify their roles in improving the OER 
performance, a series of DFT calculation were conducted (see computational details in the 
Supplementary Information). Specifically, one O atom is removed from the structure of 
FeCoOx-origin (Figure S6-8) to form the stable structure of defective FeCoOx (FeCoOx-Vo, 
Figure 6-4f). Then one S atom is loaded onto the Vo to form Co-S bonding (FeCoOx-Vo-S), 
and it removes one nearby O atom to form an extra Vo (Figure 6-4i). The different structures 
of the materials could remarkably affect their local Density of States (LDOS). As stated by 
the d-band centre theory, the d band of substrate could strongly interact with the highest 
occupied molecular orbital and lowest unoccupied molecular orbital of the adsorbate, and the 
greater electron density near the Fermi level could promote the adsorption of adsorbates15. As 
shown in Figure 6-4a-c, the 3d-orbitals of Co atoms of FeCoOx-Vo-S show much higher 
LDOS near Fermi level than that of FeCoOx-origin and FeCoOx-Vo, indicating the stronger 
interaction between the Co active sites and adsorbates. This result can be supported by the 
different adsorption energies of H2O molecules on the various nanosheet surfaces. It is clear 
that the Co sites closing to Vo of FeCoOx-Vo possess the H2O adsorption energy of 0.63 eV 
(absolute value), obviously larger than that of Co sites in FeCoOx-origin (0.41 eV), indicating 
that Co sites neighbouring to Vo in FeCoOx-Vo were more favourable for adsorbing H2O 
molecules (Figure 6-4d). The loading of various heteroatoms, including S, N and P, can all 
modulate the interaction between Co active sites and H2O molecules, but increase the H2O 
adsorption energy to different extents (Figure 6-4d). The loading of S species could most 
efficiently increase the H2O adsorption energy (0.92 eV), facilitate the H2O adsorption on 
FeCoOx-Vo-S surface, and promote the OER activity. These data agree well with OER 
experimental results shown in Figure 6-3b. To better study the interaction strength between 
the active sites and reaction intermediates, which can markedly affect the OER activity50, the 
Gibbs free energy profiles of FeCoOx-origin, FeCoOx-Vo and FeCoOx-Vo-S during the OER 
process at zero potential are calculated (Figure 6-4e). It is noteworthy that the energy barrier 
(△G) is inversely related to the adsorption strength of the OER intermediates. As 
demonstrated in Figure 6-4e, the △G1 for OH* formation on FeCoOx-origin reaches up to 0.98 
eV, indicating the weak interaction between Co atoms and OH*. The weak intermediate 
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adsorption could result in an inferior reaction efficiency, and the followed poor OER activity. 
After introducing the Vo, the △G1 value of FeCoOx-Vo could be remarkably decreased to 
0.30 eV. This over strong intermediate binding could lead to the occupation of surface active 
sites and poison of catalyst surface, and further to a relatively poor OER activity. But the 
formation of Co-S bonding and creation of extra Vo can successfully tune the △G1 value for 
OH* formation on Co atoms to a suitable value (0.47 eV), bringing about its excellent OER 
activity.  
 
Figure 6-4. Mechanistic study of catalytic active sites on FeCoOx-Vo-S. (a-c) The LDOS 
of 3d-orbitals of Co and Fe atoms, and 2p-orbitals of O atoms of FeCoOx-origin (a), FeCoOx-
Vo (b) and FeCoOx-Vo-S (c). (d) Calculated adsorption energies for H2O molecules on 
different Co sites. (e) Energy profiles of the FeCoOx-origin, FeCoOx-Vo, FeCoOx-Vo-S, 
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FeCoOx-Vo-N and FeCoOx-Vo-P. (f) The geometry of FeCoOx-Vo. (g) The Bader charge 
numbers of atoms of FeCoOx-Vo during OH* adsorption. (h) The Bader charge numbers of 
atoms of FeCoOx-Vo during OOH* adsorption. (i) The geometry of FeCoOx-Vo-S. (k) The 
Bader charge numbers of atoms of FeCoOx-Vo-S during OH* adsorption. (l) The Bader 
charge numbers of atoms of FeCoOx-Vo-S during OOH* adsorption. 
The modulation effect of S can be further explained with the Bader charge numbers (σ) of the 
active sites for FeCoOx-Vo and FeCoOx-Vo-S during OH* and OOH* adsorption (Figure 6-4g, 
h, k and l). For FeCoOx-Vo, Co atom neighbouring to Vo needs to transfer electrons to the 
adjacent O atoms, and its σ value reaches up to -1.32e, and thus its interaction with OH* may 
be excessively strong (△G1=0.30 eV). It is also not favourable for OOH* desorption 
(△G4=1.68 eV). After loading the S atom, as the electronegativity of S (2.58) is smaller than 
that of O (3.44), Co atom neighbouring to Vo can transfer less electrons to adjacent atoms, 
and its σ value can be decreased to -1.06e. Hence the △G1 value of OH* can be modulated to 
an appropriate level (0.47 eV), as well as the △G4 of OOH* desorption (1.51 eV). Thus, 
FeCoOx-Vo-S exhibits a remarkably better OER activity than FeCoOx-origin and FeCoOx-Vo, 
which is consistent with the experiment results.  
 
6.3 Conclusions 
To summarize, S atoms trapped in Vo of FeCoOx-Vo (FeCoOx-Vo-S) with the S loading 
content of 1.1 at% was synthesized through thermal treatment. XAFS proves that S atoms can 
stabilize the Vo created by H2 annealing via the formation of Co-S coordination, and grab O 
atoms from the neighbouring Co-O species to form extra Vo. DFT calculation results 
demonstrate that the loading of S species in Vo and formation of extra Vo can most 
effectively modulate the local electronic structures of Co sites, and significantly improve the 
OER activity of FeCoOx. Particularly, in 1.0 M KOH, FeCoOx-Vo-S only needs a η of 260 
mV to deliver a current density of 200 mA cm-2 with the Tafel slope of 21.0 mV dec-1. 
Moreover, the water electrolyser using FeCoOx-Vo-S and CoP3/Ni2P-D as anode and cathode 
catalysts can deliver the current densities of 245.0 mA cm-2 and 406.0 mA cm-2 at the cell 
voltage of 2.0 V and 2.3 V, respectively, well meeting the requirement of industrial water 
splitting. This work verifies the importance of electronic structure modulation on the activity 
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of electrocatalyst in terms of experimental and calculation methods, and may pave a new way 
for the design of highly active and stable catalysts.  
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6.5 Supporting information 
 
Figure S6-1. The TEM images of (a) FeCoOx-origin and (b) FeCoOx-Vo. 
 
 
Figure S6-2. The k3-weighted Fourier transform EXAFS spectra of the Co R-space for 
FeCoOx-origin, FeCoOx-Vo and FeCoOx-Vo-S. 
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Figure S6-3. The fitting of k3-weighted Fourier transform EXAFS spectra of the Co R-space 
for FeCoOx-origin (a), FeCoOx-Vo (b) and FeCoOx-Vo-S (c). 
 
 
Figure S6-4. The EXAFS fitting results of Fe R-space for FeCoOx-origin, FeCoOx-Vo and 
FeCoOx-Vo-S. 
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Figure S6-5. The XPS survey pattern of FeCoOx-origin-S. 
 
 
Figure S6-6. The high-resolution S 2p XPS spectrum of FeCoOx-origin-S. Most of S species 
of FeCoOx-origin-S exists as sulfate.  
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Figure S6-7. Continuous amperometric i-t measurement of FeCoOx-Vo-S ‖ CoP3/Ni2P-D at a 
cell voltage of 1.80 V in the 1.0 M KOH. 
 
Figure S6-8. The geometries of FeCoOx-origin.  
 
 
 
141 
 
 
 
 
 
 
 
 
 
 
Chapter 7. Defect-Induced Pt-Co-Se Coordinated Sites 
with Highly Asymmetrical Electronic Distribution for 
Boosting Oxygen-Involving Electrocatalysis 
 
-Published by Zhuang L.Z. et al., Defect-Induced Pt-Co-Se Coordinated Sites with Highly 
Asymmetrical Electronic Distribution for Boosting Oxygen-Involving Electrocatalysis, Adv. 
Mater. 2019, 31, 1805581. 
 
 
 
 
 
 
 
142 
 
7.1 Introduction 
Heterogeneous catalysts are appealing for their high activity and/or selectivity in industrial 
processes due to their tuneable atomic coordination structure at multi-phase (gas-liquid-solid) 
reaction site1. However, heterogeneous catalysts suffer from the low atom utilization 
efficiency because of their limited surface active sites accessible to reactants2. To address this 
challenge, considerable efforts have been devoted to downsizing the bulk heterocatalysts to 
low dimensional or even atomic scale that can maximize the exposed active sites2. Recently, 
atomically dispersed catalysts with isolated metal atoms on supports such as metal oxides3, 
carbides4, transition-metal dichalcogenides (TMDs)5, zeolites6 and carbons7 have sparked 
new interests in heterogeneous catalysis, and demonstrated excellent catalytic performance in 
water-gas shift reaction3, CO oxidation8,9, hydrogenation9,10, photochemical and 
(photo)electrochemical reaction11. Besides the merit of high atom utilization efficiency in 
atomically dispersed catalysts, another distinct advantage is that the tuneable coordination 
configuration of the single atomic site can synergistically alter the reaction pathway, leading 
to tailored catalytic performance. However, to date the wide implementation of atomically 
dispersed catalysts in hetero-catalysis still confront at least two obstacles: (i) only low content 
of atomically hetero-coordinated moieties can be formed as active sites due to the extremely 
low loading of atomic metal species (<1.5 wt%) for avoiding the sintering issue12; (2) the 
origin of the structure-property correlation between atomically hetero-coordinated moieties 
and tailored activities remains ambiguous, owing to the difficulty in synthesizing and 
characterizing targeted coordinated moieties without other structural and compositional 
impurities. 
Recently, the importance of defects in O2-involving electrocatalysis has been demonstrated 
by several groups13. For instance, the electronic state is asymmetrically tailored at the 
vacancy or reconstructed carbon defect sites of graphene compared to perfect hexagonal 
lattice, which can not only enhance the electrocatalytic activity in ORR, but also be 
functional for other electrochemical reactions, such as OER and HER14. Similarly, defect-rich 
transition-metal oxides and TMDs (e.g. MoS2 and CoSe2) have also been demonstrated to 
increase their electrocatalytic activities owing to the tuned bandgaps through defect-induced 
crystal strain15,16. However, it is still a grand challenge to retain the stability of these defect 
sites especially under the harsh redox process of the electrocatalysis. To this end, 
coordination of the defect sites with metal atomic species in defect-rich carbons or TMDs 
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may be a potential strategy to stabilize the topological structures of defects, prevent atomic 
metal species from aggregation, and even further manipulate the local electronic distribution 
through the diverse coordinated configurations. In our previous study, we directly identified 
the coordination structure of atomic Ni trapped in graphene defects by using aberration-
corrected TEM, and revealed that different integrated coordination structures (atomic Ni at 
various carbon defects) may be the specific active sites for OER and HER, respectively17. 
With respect to the defect coordination in TMDs, Liu et al. reported that isolated Co atoms 
(1.8 wt%) can be stably doped on the MoS2 monolayer via forming the Co-S-Mo 
coordination structure, which endows the catalyst with excellent activity, selectivity and 
stability for the hydrodeoxygenation reaction5. Additionally, defects on g-C3N4[18] and 
reducible oxides (like FeOx, CeO2 and TiO2)3, 19, 20  have also been applied to stabilize 
atomically dispersed metal atoms on supports. Nevertheless, synthesizing the above atomic 
coordination structures normally involves sophisticated or harsh treatment process (e.g. high-
temperature pyrolysis, acid leaching and electrochemical activation), which limit the practical 
application of the above catalysts. Moreover, even it is well-known that the single metal 
centres cannot perform catalysis alone, for the vast majority of the single atom catalysts 
(SACs), their real active sites have not been unambiguously revealed21. Therefore, it is highly 
desirable to design and synthesize hetero-coordinated moieties at atomic scale with definite 
structure through a convenient strategy for raising the performance and deepening the 
mechanistic understanding of heterogeneous catalysis.  
As shown in Chapter 4-6, the defect engineering strategies, including vacancy creation and 
heteroatom doping, have been verified to be effective in enhancing the electrocatalytic 
activities of the metal oxides. To prove the universality of these strategies, they are also 
applied in the defect engineering of other nonprecious metal catalysts. In this work, Vse are 
firstly created on CoSe2-x via Ar plasma, then single Pt atoms are loaded on CoSe2-x through 
room temperature photoreduction (UV irradiation)20,22 to construct the atomically coordinated 
Pt-Co-Se moieties with a Pt loading content of 2.25 wt%. Both the XAS analysis and direct 
observation from high-angle annular dark-field scanning transmission electron microscopy 
(HAADF-STEM) image can verify the filling of single Pt and formation of atomic Pt-Co-Se 
coordination. We carry out the DFT calculations and use the standard deviation (σ) value of 
the bader charge numbers of Se atoms as a descriptor to represent the electronic distribution 
asymmetry degree. Owing to the formation of atomically coordinated Pt-Co-Se moieties, the 
σ value of CoSe2 matrix significantly increases from 0.027 (CoSe2-origin) to 0.070, 
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indicating the prominently elevated electronic distribution asymmetry degree of CoSe2-x-Pt. 
The superior OER performance of CoSe2-x-Pt with high asymmetry degree supports our 
hypothesis. CoSe2-x-Pt catalyst exhibits a high activity for OER in 1.0 M KOH, delivering a 
specific activity of 16.5 and 9.0 times greater than that of CoSe2-origin and CoSe2-x, 
respectively. The plasma-photochemical process can also load the single Ni and Ru atomic 
species on CoSe2-x, but the OER activity of CoSe2-x-Ni and CoSe2-x-Ru are lower than that of 
CoSe2-x-Pt, which may be attributed to their smaller electronic distribution asymmetry degree. 
 
7.2 Results and discussion 
The CoSe2-origin was synthesized in conformity to the existing literature23. The as-prepared 
CoSe2-origin nanoplates (Figure S7-1, Supporting Information) were subjected to argon (Ar) 
microwave plasma treatment at 100 W for different lengths of time (30, 75 and 120 min) to 
obtain CoSe2 nanosheets with abundant selenium vacancies (CoSe2-x), as illustrated in Figure 
7-1a. The Ar plasma treatment can successfully exfoliate the material into much thinner 
nanosheets (1.8 nm, 3 CoSe2 layers) (Figure 7-1b and 1c, Figure S7-2)23. The X-ray 
diffraction (XRD) patterns (Figure 7-1d) and Raman spectra (Figure S7-3) both demonstrate 
that the exfoliation process of CoSe2-origin would not alter its crystal structure24-26. As the 
CoSe2-x-75 min shows the best OER activity among all the CoSe2-x samples (Figure S7-4), 
CoSe2-x-75 min was chosen as support to load the Pt atoms. H2PtCl6 solution was added into 
an aqueous dispersion of CoSe2-x to allow the adsorption of PtCl62- species, and then 
irradiated by low-intensity UV light provided by a Xenon lamp (Figure 7-1a). After 
irradiation for 10 min, the CoSe2-x-Pt catalyst was collected and washed thoroughly with 
water and ethanol. XRD pattern presents no new peak after the Pt loading (Figure 7-1d). 
However, the XPS spectrum of CoSe2-x-Pt shows a new peak at ~72 eV that ascribed to Pt 4f 
(Figure 7-1e) 27. The inductively coupled plasma atomic emission spectroscopy (ICP-AES) 
confirms the Pt amount of CoSe2-x-Pt to be 2.25 wt%. Importantly, even with this relatively 
high loading amount, no Pt nanoparticles are observed in TEM image (Figure 7-1f). Energy-
dispersive X-ray spectroscopy (EDS) elemental mapping proves that Pt atoms are highly 
dispersive throughout CoSe2-x-Pt (Figure 7-1g). These results trigger us to assume that the Pt 
species exist as single atomic species on CoSe2-x surface after the UV irradiation, which will 
be verified later. 
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Figure 7-1. Preparation and morphology characterization of CoSe2-x-Pt. (a) Schematic 
illustration of the Ar-plasma-induced exfoliation of CoSe2-origin and the loading of single Pt 
by UV irradiation. (b) TEM image and (c) AFM image of the exfoliated CoSe2-x. (d) XRD 
patterns of CoSe2-origin, CoSe2-x and CoSe2-x-Pt. (e) XPS survey scan spectra of CoSe2-x and 
CoSe2-x-Pt. (f) TEM image and (g) EDS mapping of CoSe2-x-Pt.  
XPS and XAS were applied to study the difference on the surface of CoSe2-origin and CoSe2-
x. After Ar plasma treatment, the peak of Co-Se species at 778.0 eV in the Co 2p spectrum 
becomes obviously weaker (Figure 7-2a)28, 29. Meanwhile, in the Co K-edge X-ray absorption 
near edge structure (XANES) spectra (Figure 7-2b), a substantial shift of the XANES peak to 
a lower energy is observed after Ar plasma exfoliation. This should be attributed to the 
formation of Vse30. Moreover, in the Co k3-weighted Fourier transform extended X-ray 
absorption fine structure (EXAFS) spectra, the peaks at about 2.10 Å are corresponding to the 
Co-Se contribution (Figure 7-2c)16, 31, 32, and the intensity decreases after Ar plasma treatment. 
The EXAFS data fitting results show that compared with CoSe2-origin, the coordination 
numbers (C.N.) for Co-Se1 (the first Co-Se shell) and Co-Se2 (the second Co-Se shell) of 
CoSe2-x reduce by 1.5 and 0.5, respectively (Figure S7-5, and Table S7-1)31, 33. The Se K-edge 
XANES intensity of CoSe2-x also obviously reduces compared with CoSe2-origin (Figure S7-
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6), indicating the reduction in C.N. of Se-Co because of the positive correlation of intensity 
with C.N34. These data verify the successful creation of Vse by Ar plasma.  
After loading the Pt atoms, the Pt 4f XPS spectrum of CoSe2-x-Pt can only be fitted into peaks 
that attributed to oxidized Pt2+ (Figure 7-2d)27. No peak that ascribed to the metallic clusters 
(Pt0) or PtCl62- species (Pt4+) can be found in the XPS spectrum. Besides, in the normalized 
XANES spectra of the Pt L3-edge (Figure 7-2e), the white-line prominent peak intensity of 
CoSe2-x-Pt is between those of Pt foil and PtO2, suggesting the partial oxidation of Pt atoms 
in CoSe2-x-Pt17, 35.  EXAFS spectra can provide important evidence on the atomic dispersion 
of Pt species on CoSe2-x (Figure 7-2f). No Pt-Pt contribution at about 2.60 Å can be found in 
the k2-weighted EXAFS of the Pt L3-edge for CoSe2-x-Pt; therefore Pt should exist 
predominantly as single atomic species on CoSe2-x-Pt9. Instead, a weak peak at 1.62 Å arising 
from Pt-O contribution20 and a prominent peak at 2.14 Å arising from Pt-Co contribution36 
can be seen in the Pt L3-edge EXAFS spectrum of CoSe2-x-Pt. These results confirm that the 
single Pt are dominantly present as atomic Pt-Co coupling at Vse of CoSe2 surface to form 
atomically coordinated Pt-Co-Se moieties. The C.N. of Pt-O, Pt-Se and Pt-Co can be fitted to 
1.0, 1.0 and 2.0 respectively, given in Figure S7-7 and Table S2.  
The HAADF-HRTEM image (Figure 7-2g) shows that the Pt atoms, which are of higher 
atomic number and thus higher contrast than the surrounding Co atoms, homogeneously 
scatter across the CoSe2 basal plane5. According to the fast Fourier Transformation (FFT) 
(Figure S7-8a) of the selected area in Figure 7-2g, as well as the corresponding lattice 
parameters (Figure S7-8b), the observed basal plane can be verified to be the (210) plane of 
CoSe2. Benefiting from the FFT and inverse FFT, noise was filtered and the coloured 
HAADF image of CoSe2-x-Pt clearly shows the ordered distribution of the Pt atoms with the 
size of ~0.2 nm on CoSe2 surface, situating on Co atop sites (Figure 7-2h and 2i). All the 
aforementioned results prove that single Pt are successfully trapped by Vse to form 
atomically coordinated Pt-Co-Se moieties. 
147 
 
 
Figure 7-2. The structural characterizations of CoSe2-x and CoSe2-x-Pt. (a) High-
resolution Co 2p XPS spectra of CoSe2-origin and CoSe2-x. (b) Co K-edge XANES spectra 
and (c) k3-weighted Fourier transform EXAFS spectra of the Co for CoSe2-origin and CoSe2-x. 
(d) High-resolution Pt 4f XPS spectrum of CoSe2-x-Pt. (e) Pt L3-edge XANES spectra and (f) 
k2-weighted Fourier transform EXAFS spectra of the Pt for Pt foil, PtO2 and CoSe2-x-Pt. (g) 
The unprocessed HAADF-STEM image of CoSe2-x-Pt. The contrast is proportional to square 
of atomic number. White atoms in the yellow square area are corresponding to heavy metal Pt 
atoms. (h) The processed and coloured HAADF-STEM image of CoSe2-x-Pt. The bright 
yellow spots are Pt atoms and the cyan spots are Co atoms. (I) 2D atomic arrangement of 
bright Co atoms on (210) plane and of dark Co and Se atoms underneath (210) plane. 
The influence of the single Pt filling on the OER performance of CoSe2 matrix is investigated. 
It should be noted that the existence of Se vacancy is essential for the single Pt trapping. Even 
the same H2PtCl6 solution dosage is used (1.5 mL, 5.0 mM), much more Pt species can be 
trapped on CoSe2-x (2.25 wt%) than CoSe2-origin (0.96 wt%) (Figure 7-3a). Meanwhile, some 
Pt atoms on CoSe2-origin would aggregate into Pt clusters because of the scarcity of Vse 
(Figure S7-9). As a sequence, CoSe2-x-Pt shows a much better OER activity than CoSe2-x and 
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CoSe2-origin-Pt (Figure 7-3a). Interestingly, the commercial Pt/C catalyst exhibits nearly no 
OER activity in 0.1 M KOH (Figure 7-3a), but here the single Pt are found to remarkably 
boost the OER performance of CoSe2-x. Moreover, with the increase of Pt content from 0 to 
2.25 wt%, the η required for CoSe2-x-Pt to reach a current density of 10 mA cm-2 in 0.1 M 
KOH significantly decreases from 370 mV to 314 mV (Figure S7-10a), while their 
corresponding current density at η=350 mV sharply increases from 4.0 mA cm-2 to 43.0 mA 
cm-2 (Figure S7-10b). However, when further increasing the Pt loading amount to 4.06 wt%, 
its current density decreases to 8.8 mA cm-2 (Figure S7-10b). The HRTEM image of CoSe2-x-
Pt-4.06 wt% shows that the Pt atoms on CoSe2 surface aggregate into particles with the size 
of ~2.5 nm (Figure S7-11). The notably enhanced OER catalytic performance of CoSe2-x-Pt-
2.25 wt% in comparison to CoSe2-x-Pt-4.06 wt% confirms that the single Pt are much 
superior to metallic bulk Pt in improving the OER activity of CoSe2 support.  
Single Ni and Ru were also introduced onto the CoSe2-x surface through the same 
photochemical reduction strategy. The existence of Ni and Ru atoms on CoSe2-x can be 
confirmed by XPS (Figure S7-12)37,38, while their contents are verified by ICP-AES to be 1.1 
wt% and 1.9 wt%. From the TEM images no nanoparticles can be observed on CoSe2-x 
surface (Figure S7-13), but EDS mapping images show that Ni and Ru species are highly 
dispersive across the CoSe2-x surface (Figure S7-14 and S7-15). XAFS measurement further 
verifies the single-atom state of Ni on CoSe2-x (Figure S7-16). After loading the single Ni and 
Ru, the OER activity of CoSe2-x can both be improved (Figure S7-17a). But as indicated in 
Figure S7-17b-d, CoSe2-x-Pt exhibits a much higher OER activity even at the same loading 
content. It implies that the coordinated Pt-Co-Se moiety is more active than Ru-Co-Se and 
Ni-Co-Se even Ni and Ru are reported to be active OER active sites17,39. The higher reactivity 
should be attributed to the different electronic distribution asymmetry degree induced by 
single Pt, Ni and Ru sites14, 17, which can improve the OER activity to different extent. It will 
be discussed in the following DFT calculation part.  
The above OER measurement was conducted in 0.1 M KOH solution. To facilitate the 
activity comparison of our synthesized CoSe2-x-Pt with other reported catalysts14, 40,   the OER 
activities of the materials have also been tested in 1.0 M KOH (Figure 7-3b). It can be found 
that the CoSe2-x-Pt requires a significantly lower η (255 mV) to afford a current density of 10 
mA cm-2 than CoSe2-origin (355 mV) and CoSe2-x (300 mV). In Figure 7-3c, the Tafel slopes 
(Figure S7-18) and the charge transfer resistance (Figure S7-19) calculated from electrical 
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impedance spectroscopy (EIS) both reveal a faster charge transfer in CoSe2-x-Pt during the 
OER process29. Actually, the activity of CoSe2-x-Pt has outperformed most of the reported 
CoSe2-based OER catalysts to date and other state-of-the-art nonprecious metal catalysts 
(Table S3, Supporting Information). Through obtaining the double layer capacitances (Cdl) of 
the samples through cyclic voltammetry (CV) measurement (Figure S7-20), the 
electrochemical active surface areas (ECSAs) of CoSe2-x-Pt, CoSe2-origin and CoSe2-x can be 
estimated to be 1775.0, 787.5 and 1177.5 cmECSA2, respectively41. When normalizing the 
OER mass activity of the catalysts to the ECSA, it can be found that the specific activity of 
CoSe2-x-Pt (9.9 μA cmECSA-2) is 16.5 times and 9.0 times greater than that of CoSe2-origin 
(0.6 μA cmECSA-2) and CoSe2-x (1.1 μA cmECSA-2) (Figure 7-3c). The CoSe2-x-Pt shows an 
activity far better than the commercial precious RuO2 catalyst (as seen in the inset radar chart 
of Figure 7-3c). Besides, the Faradaic efficiency of CoSe2-x-Pt in 1.0 M KOH is calculated as 
96.1%, and no CO and CO2 were detected in its OER product (Figure S7-21), confirming that 
almost all the electrons can be involved in its OER process. Moreover, the CoSe2-x-Pt shows 
a promising OER stability in 1.0 M KOH. During the 10000 s of stability test at a constant η 
of 250 mV, its current density shows negligible decrease (Figure S7-22). After the OER test, 
XRD and TEM tests prove no obvious change on the structure of CoSe2-x-Pt (Figure S7-23). 
Meanwhile, Co K-edge XANES and k3-weighted Fourier transform EXAFS spectra verify 
that the cubic crystal structure of CoSe2 can be maintained in the OER reaction, while Pt L3-
edge XANES spectra and k2-weighted Fourier transform EXAFS spectra of CoSe2-x-Pt-after 
OER prove that Pt atoms would be mildly oxidized in the OER reaction, but still exist as 
single atomic species on CoSe2-x (Figure S7-24). These results demonstrate that single Pt can 
be stabilized by forming the atomically coordinated Pt-Co-Se moieties even in the harsh 
reaction condition. 
Then we investigated the ORR by the synthesized CoSe2-x-Pt catalyst. As shown in Figure 7-
3d, CoSe2-x-Pt exhibits a remarkably higher half-wave potential (0.83 V vs. RHE) than 
CoSe2-origin (0.64 V vs. RHE) and CoSe2-x (0.75 V vs. RHE), as well as much larger limit 
current density. Even the half-wave potential of CoSe2-x-Pt is still slightly inferior to that of 
commercial 20 wt% Pt/C catalyst (0.85 V vs. RHE), the turnover frequency (TOF) of Pt 
atoms in CoSe2-x-Pt (2.0 s-1) is 7.4 times greater than that of Pt/C (0.27 s-1). The atomically 
coordinated Pt-Co-Se moieties can even alter the ORR reaction pathway of single Pt. Based 
on the Koutecky-Levich plots (Figure S7-25) and ring-disk currents (Figure 7-3e), the 
electron transfer number (n) of CoSe2-x-Pt is calculated to be larger than 3.6, implying its 4e- 
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transfer pathway for ORR42. It is well-known that the O-O dissociation is the key step of the 
4e- pathway. Because of the kinetic barrier of O-O dissociation43, the isolated single Pt often 
activate a 2e- pathway and generates H2O2 as the ORR product24. However, the CoSe2-x-Pt 
undergoes a distinct 4e- pathway in contrast to isolated Pt atoms, indicating that the Pt-Co 
interaction could play a key role to break the O-O bond and activate the ORR in a 4e- 
pathway. Instead, as Ni and Ru are not active ORR catalysts, the loading of Ni and Ru single 
atoms on CoSe2-x would occupy some Se vacancies, leading to the decrease of its ORR 
activity (Figure S7-26). Figure S7-27 clearly represent the good OER/ORR bifunctional 
activities of CoSe2-x-Pt in 0.1 M KOH, with a small potential difference of 0.73 V between 
the OER potential for 10.0 mA cm-2 and ORR half-wave potential. This potential difference 
is even smaller than that of the control catalyst mixed by Pt/C (for ORR) and RuO2 (for OER) 
(0.77 V) and other reported ORR/OER bifunctional catalysts (Figure S7-28). After 
assembling the CoSe2-x-Pt catalyst into a rechargeable Zn-air battery (Figure S7-29a and 29b), 
it delivers a current density of 101 mA mg-1 at the discharge voltage of 1.0 V, and a peak 
power density of 155 mW mg-1 at a current density of 280 mA mg-1 (Figure S7-29c). 
Moreover, CoSe2-x-Pt exhibits a promising durability at current densities of 5.0 mA mg-1 
(Figure S7-29d). After 780 charge/discharge cycles (300 s per cycle), the charge potentials 
still hold at 2.0 V, while the discharge potentials only decline slightly to 1.2 V. Besides, as a 
demonstration shown in Figure S7-29e, two Zn-air batteries can be connected in series to 
power a light-emitting diode light (≈2 V).  
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Figure 7-3. Electrochemical oxygen evolution and oxygen reduction activities. (a) OER 
polarization curves of CoSe2-origin, CoSe2-origin-Pt, CoSe2-x, CoSe2-x-Pt and 20 wt% Pt/C 
performed in 0.1 M KOH. (b) OER polarization cures of CoSe2-origin, CoSe2-origin-Pt, 
CoSe2-x and CoSe2-x-Pt performed in 1.0 M KOH. (c) The comparisons of overpotential to 
reach a current density of 10 mA cm-2, Tafel slope, EIS at a potential of 0.65 V vs. Ag/AgCl, 
ECSA, mass activity and specific activity at η=300 mV among CoSe2-origin, CoSe2-x and 
CoSe2-x-Pt, and the inset shows the radar chart comparing the activity between CoSe2-x-Pt and 
RuO2 in 1.0 M KOH. (d) ORR polarization cures of CoSe2-origin, CoSe2-x, CoSe2-x-Pt and 
commercial 20 wt% Pt/C performed in 0.1 M KOH, the inset shows the TOF of Pt atoms of 
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CoSe2-x-Pt and Pt/C. (e) The percentage of peroxide yields and the electron transfer numbers 
of CoSe2-x-Pt and Pt/C for ORR in 0.1 M KOH solution. 
Based on the above experimental data, we attribute the remarkably enhanced OER activities 
of CoSe2-x-Pt to the formation of atomically coordinated Pt-Co-Se moiety structure. To reveal 
its role in improving the OER performance of CoSe2, a series of DFT calculations were 
conducted (see computational details in the Supplementary Information). Figure 7-4a-c show 
the 3D charge density differences of CoSe2-origin, CoSe2-x and CoSe2-x-Pt. Two Se atoms are 
removed from the structure model of CoSe2-origin to form the stable structure of CoSe2-x 
(CoSe2-2v). With the removal of two Se atoms, the electrons that previously occupied Se 4p 
orbitals become delocalized around the Co atoms neighbouring the Vse, as well as the 
adjacent Se atoms44. Moreover, after loading the Pt atoms to the vacancies, the charge will be 
further deviated owing to the difference of the electronegativity among Pt (2.28), Se (2.55) 
and Co (1.88). Therefore, compared with CoSe2-origin (Figure 7-4a), the electrons are more 
inclined to redistribute and accumulate around the Vse (Figure 7-4b), and even more around 
atomically coordinated Pt-Co-Se moieties (Figure 7-4c), leading to a significantly increased 
electronic distribution asymmetry degree22, 24. We calculate the bader charge numbers of the 
atoms, and use the standard deviation (σ) of the charge numbers of Se atoms as a descriptor 
to quantify the asymmetry degree. As shown in Figure 7-4d-f, the different colours stand for 
the different charge numbers, and the Co atom would lose electrons (negative value), while 
the Se atoms would obtain electrons (positive value). For CoSe2-origin (Figure 7-4d), its 
overall electron distribution is nearly symmetric; thus the σ value of CoSe2-origin is as low as 
0.027. The σ value could increase to 0.046 and further to 0.070 after introducing the Se 
vacancies (Figure 7-4e) and loading the single Pt (Figure 7-4f), respectively. The different 
electronic distribution asymmetry degree could affect the local Density of States (LDOS) of 
the materials. As shown in Figure S7-30, the 3d-orbitals of Co atoms and 2p-orbitals of Se 
atoms of CoSe2-x-Pt show much higher LDOS near Fermi level than CoSe2-origin and CoSe2-
x. According to the d-band centre theory, the d band of substrate could interact strongly with 
the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) of the adsorbate, and the higher electron density near the Fermi level will facilitate 
the adsorption of adsorbates17, 45.  
The key to a high OER activity is an appropriate interaction strength between the active sites 
and reaction intermediates46. To demonstrate the change of the electronic distribution 
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asymmetry degree of the materials on the interaction between the Co sites and OER 
intermediates, the bader charge numbers of the coordinated sites during OH*, O* and OOH* 
adsorption (Figure S7-31 to S7-33), and the standard free-energy diagram for OER of the 
materials at zero potential are calculated (Figure 7-4g). For CoSe2-origin, as no delocalized 
electrons exist (low asymmetry degree), the Co atom needs to directly transfer electrons to 
the adjacent Se atoms, as well as the adsorbed OH* (Figure S7-31). Therefore the interaction 
between OH* and Co sites is weak, and OH* adsorption energy on CoSe2-origin reaches to 
0.74 eV. With the transformation from OH* to O*, and further to OOH*, the Co atom of 
CoSe2-origin would continuously transfer electrons to the intermediates, and its bader charge 
number increases up to -0.590 e (Figure S7-31). For this reason, the interaction between Co 
atom and adsorbed OOH* would be excessively strong, and hinder the following desorption 
of OOH*, which can be proved by its high free energy barrier (1.74 eV). Since the OOH* to 
O2 step is the rate-determining step for all the CoSe2 samples in this work, this large free 
energy barrier indicates its poor OER activity. For CoSe2-2v, even Co atom needs to transfer 
more electrons to adjacent Se atoms because of two Vse (high asymmetry degree), the 
delocalized electrons around the Co atom neighbouring Vse can help to strongly adsorb the 
OH*, and decrease the OH* adsorption energy to 0.30 eV. But this interaction may be too 
strong, and hinder the following OH* and O* transformation, as well as OOH* desorption 
(Figure S7-32). The free energy barrier of the OOH* desorption step for CoSe2-2v is still up 
to 1.69 eV. With respect to CoSe2-2v-Pt, though the electronegativity of Pt (2.28) is smaller 
than that of Se atom (2.55), and needs to transfer electrons to OH* and adjacent Se atoms, it is 
high enough for Pt atom to attract electrons from the delocalized electron cloud. Therefore, 
after OH* adsorption the bader charge number of Co atom reaches to -0.486 e, while that of 
Pt atom is only -0.005 e (Figure 7-4h, Figure S7-33). The significantly lower electronic site 
(Co) (compared with Pt) is more attractive to OH*, and simultaneously the lower electronic 
site is balanced by the negative charged OH*. Hence the adsorption energy of OH* is quite 
appropriate (0.47 eV) (Figure 7-4g). It can avoid the issue of weak intermediate adsorption 
that would result in an inferior reaction efficiency (overhigh adsorption energy), as well as 
excessively strong intermediate binding that would occupy all the available surface sites and 
poison the reactive surface (overlow adsorption energy). The highly asymmetrical electron 
cloud induced by Vse and single Pt can further transfer electrons to the intermediates during 
the OH* and O* transformation, and OOH* desorption process to keep the bader charge 
number of Co under -0.500 e, so as to avoid excessively strong intermediate binding (Figure 
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7-4h). In this way the free energy barrier of OOH* desorption can be significantly decreased 
to 1.53 eV. Single Pt is theoretically proved to greatly improve the OER activity of CoSe2 
matrix (Figure 7-4g).  
The electronegativities of Ni (1.91) and Ru (2.20) are also smaller than that of Se (2.55), and 
thus electrons of Ni and Ru atoms prefer to accumulate on the Se atoms when they coordinate. 
Meanwhile, they are smaller than that of Pt (2.28), so that single Ni and Ru cannot attract 
electrons from delocalized electron cloud as efficiently as single Pt. Consequently, the 
loading of single Ni and Ru atoms on Vse can only increase the σ value of CoSe2 to 0.052 
and 0.058, respectively (Figure S7-34 and S7-35, Supporting Information), obviously lower 
than that of CoSe2-2v-Pt. Even they still can enhance the interaction between the Co sites and 
the adsorbates, the Gibbs free energy barriers of CoSe2-x-Ni and CoSe2-x-Ru are 1.68 eV and 
1.62 eV (Figure 7-4g), respectively, indicating their inferior OER activities to CoSe2-x-Pt 
(1.53 eV). To better explain the effect of M type (M=Pt, Ni and Ru) on the OER activity of 
the CoSe2-x-M catalysts, we specifically compare the bader charge numbers of M and Co 
atoms of these catalysts after OH* and OOH* adsorption (Figure 7-4h, Figure S7-36 and S7-
37). Because of the various electronegativity, after the OH* adsorption, the bader charge 
number difference of Co (-0.512 e) and Ni (-0.429 e) atoms in CoSe2-x-Ni, and that of Co (-
0.479 e) and Ru (-0.406 e) in CoSe2-x-Ru is much smaller than that between Co and Pt atoms 
(Figure 7-4h, Figure S7-36 and S7-37). Therefore, the electronic site of Co atoms in CoSe2-x-
Ni and CoSe2-x-Ru cannot be balanced by the negative charged OH* as effectively as that in 
CoSe2-x-Pt, which is not favourable for OH* adsorption on Co sites. The OH* adsorption free 
energies on CoSe2-x-Ni and CoSe2-x-Ru are 1.22 eV and 1.02 eV (Figure 7-4g), 
respectively47,48. But after OOH* adsorption, the Co and Ni bader charge number of CoSe2-x-
Ni would be remarkably increased to -0.539 e and -0.417 e, while Co and Ru bader charge 
numbers of CoSe2-x-Ru to -0.552 e and -0.607 e (Figure 7-4h, Figure S7-36 and S7-37), and 
thus OOH* would be over strongly bound on the CoSe2-x-Ni and CoSe2-x-Ru surface. 
Accordingly, the OOH* desorption free energies of CoSe2-x-Ni and CoSe2-x-Ru are as high as 
1.68 and 1.62 eV, much higher than that of CoSe2-x-Pt (1.53 eV). These calculation results 
strongly support the experimental results. They verify that single metal atoms inside the 
CoSe2 defect could induce electronic distribution asymmetry, and the higher electronic 
distribution asymmetry induced by single Pt can significantly improve the OER activity of 
CoSe2-x-Pt.  
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Figure 7-4. Mechanistic study of catalytic active sites on CoSe2-x-Pt. (a-c) The geometries 
of CoSe2-origin, CoSe2-x and CoSe2-x-Pt and their 3D charge density differences calculated by 
DFT. (d-f) The bader charge numbers of atoms in CoSe2-origin, CoSe2-x and CoSe2-x-Pt. The 
different colours stand for the different charge numbers. (g) Energy profiles of the CoSe2-
origin, CoSe2-x, CoSe2-x-Pt, CoSe2-x-Ni and CoSe2-x-Ru for OER. (h) The bader charge 
numbers of atoms of CoSe2-x-Pt during the OH*, O* and OOH* adsorption, and OOH* 
desorption process. The inset shows the comparison of bader charge number of M (Pt, Ni, 
and Ru) and Co atoms in CoSe2-x-Pt, CoSe2-x-Ni and CoSe2-x-Ru after OH* and OOH* 
adsorption. 
 
7.3 Conclusions    
To summarize, single Pt trapped in Vse on CoSe2-x surface (CoSe2-x-Pt) with a Pt loading 
content of 2.25 wt% can be synthesized through ultraviolet irradiation. XAFS proves that the 
156 
 
Vse created by Ar plasma can stabilize the single Pt to form atomically coordinated Pt-Co-Se 
moiety. HAADF-STEM confirmed the ordered dispersion of single Pt on the Co atop sites of 
CoSe2 surface. The DFT calculations demonstrate that the filling of single Pt could induce 
highly asymmetrical electronic distribution on CoSe2 matrix, leading to its remarkably 
improved OER catalytic activity. Because of the significantly higher electronic distribution 
asymmetry degree, CoSe2-x-Pt shows much better OER performance than CoSe2-x-Ni and 
CoSe2-x-Ru, in spite that Pt in general shows no intrinsic OER activity. Meanwhile, the 
formation of atomically coordinated Pt-Co-Se moieties could lead to its high selectivity for 
4e- pathway in ORR (n>3.6) while isolated single Pt atoms normally results in a 2e- pathway. 
This work verifies the importance of highly asymmetrical electronic distribution on the 
performance of electrocatalysts in combination of experimental and theoretical methods. For 
a broader interest, it also proposes a general approach for stabilizing a guest atomic metal 
species at reaction interface of host matrix (like metal selenides and metal sulfides), paving a 
new route for the development of highly active and stable electrocatalysts.  
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7.5 Supporting information 
 
 
Figure S7-1. (a) SEM and (b) TEM image of the CoSe2-origin. The figures indicate that 
CoSe2-origin is composed of nanoplates with thickness up to tens of nanometers and width of 
several hundred nanometers. 
 
 
 
 
 
Figure S7-2. TEM images of (a) CoSe2-x-30 min and (b) CoSe2-x-120 min. 
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Figure S7-3. Raman spectra of CoSe2-origin and CoSe2-x. Both of the samples exhibit four 
characteristic peaks at 188, 468, 510 and 670 cm-1 corresponding to the cubic CoSe2, and 
their intensities get obviously smaller after Ar plasma exfoliation. This result verifies that 
CoSe2-origin can be successfully exfoliated without altering its crystal structure. 
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Figure S7-4. (1) OER polarization curves, (b) Tafel slopes, (c) overpotentials required for 
j=10 mA cm-2, and (d) mass activities at η=350 mV of CoSe2-origin, CoSe2-x-30 min, CoSe2-
x-75 min and CoSe2-x-120 min in 1.0 M KOH. 
 
 
Figure S7-5. The fitting of k3-weighted Fourier transform EXAFS spectra of the Co K-edge 
for CoSe2-origin (a) and CoSe2-x (b). 
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Table S7-1. The EXAFS fitting parameters for CoSe2-origin and CoSe2-x. 
Samples Shell C.N. σ2(10-3Å2) r/Å 
CoSe2-origin Co-O1 6.0 6.71 2.083 
Co-Se1 6.0 7.91 2.420 
Co-Co1 6.0 7.67 2.925 
Co-Se2 6.0 7.02 3.951 
CoSe2-x Co-O1 6.0 5.84 2.073 
 Co-Se1 4.5 5.00 2.410 
 Co-Co1 6.0 8.14 2.926 
 Co-Se2 5.5 8.32 3.930 
 
 
 
Figure S7-6. Se K-edge XANES spectra for CoSe2-origin and CoSe2-x. 
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Figure S7-7. The fitting of k2-weighted Fourier transform EXAFS spectra of the Pt L3-edge 
for Pt foil (a), PtO2 (b) and CoSe2-x-Pt (c). 
Table S7-2. The EXAFS fitting parameters for Pt foil, PtO2 and CoSe2-x-Pt.  
 Shell C.N. σ2(10-3Å2) r/Å 
Pt foil Pt-O 6.0 5.96 2.058 
Pt-Pt1 12.0 4.83 2.780 
Pt-Pt2 6.0 7.04 3.977 
PtO2 Pt-O1 6.0 2.58 2.041 
 Pt-Pt1 6.0 2.63 3.105 
 Pt-O2 12.0 7.56 3.374 
CoSe2-x-Pt Pt-O 1.0 2.08 2.037 
 Pt-Se 1.0 5.21 2.452 
 Pt-Co 2.0 4.05 2.607 
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Figure S7-8. (a) FFT from the selected area in Figure 2g. (b) The lattice parameters of (210) 
CoSe2.   
 
 
Figure S7-9. (a) High-resolution scan Pt 4f XPS spectrum of CoSe2-origin-Pt. (b) k2-
weighted Fourier transform EXAFS spectra of the Pt for CoSe2-origin-Pt and Pt foil. The Pt 
4f XPS spectrum of CoSe2-origin-Pt can be deconvoluted into two peaks that attributed to 
metallic Pt0 (71.3 eV, 23.0%) and Pt2+ (72.7 eV, 77.0%), indicating the existence of small Pt 
clusters. It can be further proved by the k2-weighted Fourier transform EXAFS spectrum of 
the Pt for CoSe2-origin-Pt, which not only shows a prominent peak at 2.14 Å arising from Pt-
Co contribution, but also show a peak at about 2.60 Å that ascribed to Pt-Pt contribution 
(Figure R2b), indicating the existence of Pt clusters. This is because that for CoSe2-origin, the 
intrinsic Se vacancies are scarce, and only a part of Pt atoms can be trapped on the Se 
vacancies to form Pt-Co-Se moieties, while other Pt atoms would aggregate into Pt clusters. 
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Figure S7-10. (a) OER polarization curves of CoSe2-x-Pt samples with different Pt loading. 
(b) Effect of Pt loading amount on the OER activity of CoSe2-x-Pt samples. Adding different 
dosage of H2PtCl6 solution (5.0 mL) can tune the Pt loading on CoSe2-x. 
 
 
 
Figure S7-11. HRTEM images of CoSe2-x-Pt-4.0 wt%. 
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Figure S7-12. (a) High-resolution scan Ni 2p XPS spectrum of CoSe2-x-Ni. (b) High-
resolution Ru 3d XPS spectrum of CoSe2-x-Ru. The peak at 855.6 eV in Ni 2p XPS spectrum 
of CoSe2-x-Ni can be ascribed to Ni2+ species, while the peaks at 281.2 eV and 283.6 eV in 
Ru 3d XPS spectrum of CoSe2-x-Ru can be attributed to Ru0 and Ru4+ species, respectively. 
 
 
Figure S7-13. TEM images of (a) CoSe2-x-Ni and (b) CoSe2-x-Ru. The Ni and Ru contents on 
CoSe2-x are confirmed by ICP to be 1.1 wt% and 1.9 wt%, but no nanoparticles can be 
observed in the TEM images.  
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Figure S7-14. EDS mapping of CoSe2-x-Ni. 
 
 
Figure S7-15. EDS mapping of CoSe2-x-Ru. 
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Figure S7-16. (a) Ni K-edge XANES spectra and (b) k3-weighted Fourier transform EXAFS 
spectra of the Ni for Ni foil and CoSe2-x-Ni. As shown in the normalized XANES spectra at 
the Ni K-edge (a), the white line for CoSe2-x-Ni exhibits different peak positions from Ni foil, 
indicating a diverse configuration of Ni species in CoSe2-x-Ni. the EXAFS curve of Ni foil 
shows a dominant peak at 2.1 Å, corresponding to the Ni-Ni coordination1. In clear contrast, 
CoSe2-x-Ni shows two peaks located at 1.7 and 2.2 Å, respectively, which can be attributed to 
the Ni-O and Ni-Co coordination2. Importantly, no appreciable Ni-Ni peak at 4.0-5.0 Å is 
detected in CoSe2-x-Ni, confirming that Ni is predominantly present as atomically coordinated 
Ni-Co-Se moieties. 
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Figure S7-17. (a) OER polarization curves of CoSe2-x-Ni-1.1 wt%, CoSe2-x-Ru-1.9 wt% and 
CoSe2-x-Pt in 0.1 M KOH. (b) Current density, (c) ECSA and (d) ECSA-corrected specific 
activity at η=350 mV for CoSe2-x-Ni-1.1 wt%, CoSe2-x-Ru-1.9 wt% and CoSe2-x-Pt in 0.1 M 
KOH. To calculate their ECSA-corrected activity, their ECSAs were also tested in 0.1 M 
KOH. The double layer capacitances (Cdl) of CoSe2-x-Ni-1.1 wt%, CoSe2-x-Ru-1.9 wt% and 
CoSe2-x-Pt-2.2 wt% can be tested to be 10.2, 11.1 and 15.0 mF cm-2 (c).; therefore their 
corresponding ECSAs are 255.0, 277.5 and 375.0 cmECSA2 (d), respectively. Thus, the ECSA-
corrected specific activity of CoSe2-x-Ni-1.1 wt%, CoSe2-x-Ru-1.9 wt% and CoSe2-x-Pt-2.25 
wt% are calculated to be 4.8, 7.9, and 14.5 μA cmECSA-2, respectively, demonstrating that the 
coordinated Pt-Co-Se moiety is more active than Ru-Co-Se and Ni-Co-Se. The relevant 
discussion has been added into the manuscript and marked in blue. 
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Figure S7-18. Tafel slopes of CoSe2-origin, CoSe2-x and CoSe2-x-Pt. 
 
 
Figure S7-19. EIS spectra of CoSe2-origin, CoSe2-x and CoSe2-x-Pt. 
 
172 
 
Table S7-3. Electrocatalytic OER performance of our synthesized CoSe2-x-Pt compared with 
that of reported other non-precious metal electrocatalysts tested in alkaline solution.  
Material Electrolyte η@10 mA cm-2 (mV) 
j@350 mV 
(mA cm-2) 
Tafel slope (mV dec-1) Reference 
CoSe2-x-Pt 0.1 M KOH 1.0 M KOH 
314 
255 
43.0 
>140 
N/A 
31.0 This work 
CoSe2 ultrathin nanosheets 0.1 M KOH 320 <20 44.0 3 
NG-CoSe2 0.1 M KOH 366 7.0 40.0 4 
CeO2/CoSe2 0.1 M KOH 288 N/A 44.0 5 
Au25/CoSe2 0.1M KOH 410 <5 79.6 6 
FeCo-ONS 0.1 M KOH 308 19.7 36.8 7 
Ni3Se2 0.1 M KOH >470 N/A 46.0 8 
CoSe2/CF 1.0 M KOH 297 <50 41.0 9 
Holly NiCo2Se4 1.0 M KOH 300 >70 53.0 10 
ZIF-Co0.85Se 1.0 M KOH 360 <10 62.0 11 
FeSe2 1.0 M KOH 330 <20 48.1 12 
CoTe2 1.0 M KOH 380 <10 58.0 13 
Zn0.1Co0.9Se2 1.0 M KOH 340 35 43.2 14 
Fe-Ni-Se nanocages 1.0 M KOH 240 N/A 24.0 15 
Ni2P 1.0 M KOH 290 >30 47.0 16 
Co4N nanowire 1.0 M KOH 257 N/A 44.0 17 
Fe3O4@Co9S8/rGO 1.0 M KOH 320 35 54.5 18 
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Figure S7-20. CV curves of (a) CoSe2-origin, (b) CoSe2-x and (c) CoSe2-x-Pt at the different 
scanning rates in 1.0 M KOH. (d) Capacitive currents of CoSe2-origin, CoSe2-x and CoSe2-x-
Pt tested at 1.30 V vs. RHE were plotted as the function of scanning rate.  
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Figure S7-21. The GC spectrums of (a) pure O2 gas and (b) the OER product of CoSe2-x-Pt. 
The Faradaic efficiency of OER was calculated as the ratio of the amount of experimentally 
collected gas to the theoretically generated gas expected from the charge transfer. Here, to 
eliminate the negative effect caused by air leaking, the gas was collected by water drainage 
method at a relative large current density of 100 mA cm-2 for 4.0 hours using a 4 mm 
diameter glassy carbon electrode. Before the reaction, O2 in the system was purged by N2 
flow. The gas chromatography characterization verified the high purity of O2 in the OER 
product. No CO and CO2 were detected (precision: ppm). The gas produced was 41.1 mL, 
and therefore faradaic efficiency for OER was calculated as 96.1%. It means that almost all 
the electrons can be involved in the OER process. 
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Figure S7-22. Chronoamperometry curve of CoSe2-x-Pt at a constant η of 250 mV in 1.0 M 
KOH. 
 
 
Figure S7-23. (a) XRD pattern and (b) TEM image of CoSe2-x-Pt after OER test. After the 
OER test, its XRD pattern still exhibits typical peaks that ascribed to the cubic CoSe2 
(PDF#:09-0234), and no Pt nanoparticles can be found on its surface. 
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Figure S7-24. (a)Co K-edge XANES and (b) k3-weighted FFT EXAFS spectra of the Co, (c) 
Pt L3-edge XANES spectra and (d) k2-weighted FFT EXAFS spectra of the Pt for CoSe2-x-Pt 
and CoSe2-x-Pt-after OER test.  
As shown in Figure S24a, compared with the fresh CoSe2-x-Pt, a shift of the XANES peak to 
a higher energy is observed after OER reaction, indicating the slight oxidation of CoSe2-x-Pt. 
Meanwhile, the Co k3-weighted Fourier transform EXAFS spectra of CoSe2-x-Pt-after OER is 
distinct from that of cobalt oxide but quite similar to that of fresh CoSe2-x-Pt (Figure S24b). 
For CoSe2-x-Pt-after-OER, even the increased intensity of the peak at about 1.60 Å may 
demonstrate the creation of some amorphous cobalt oxide clusters (absence in the XRD 
pattern), it still shows a prominent peak at about 2.10 Å that corresponding to the Co-Se 
contribution. 
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Figure S7-25. LSV curves of CoSe2-x-Pt at different rotation speeds with the scanning rate of 
10 mV s-1 in the 0.1 M KOH solution, and the inset shows the Koutecky-Levich (K-L) plots 
at different potentials. It can be seen that the current density of CoSe2-x-Pt increases with the 
rotation speed from 400 rpm to 2500 rpm, and the Koutecky-Levich plots shown in the inset 
implies a 4e- transfer pathway for ORR (n=3.8) 
 
 
Figure S7-26. (a) ORR polarization curves and (b) Half-wave potentials (E1/2) of CoSe2-
origin, CoSe2-x, CoSe2-x-Ni, CoSe2-x-Ru and CoSe2-x-Pt. 
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Figure S7-27. Electrode activities of CoSe2-x-Pt and RuO2-Pt/C mixed catalyst for 
bifunctional OER and ORR.  
 
 
Figure S7-28. Potential differences between the E1/2 of ORR and Ej=10 of OER for CoSe2-x-Pt 
and other reported OER/ORR bifunctional catalysts in 0.1 M KOH.  
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Figure S7-29. (a) Two-electrode zinc-air battery testing device. (b) A illustration of internal 
assembling configuration of the cell. (c) Charge-discharge curves and its power density curve. 
(d) Charge-discharge cycling performance of the battery at 5.0 mA mg-1. (e) A LED light at 
about 2 V powered with two zinc-air batteries. 
 
 
 
 
180 
 
 
Figure S7-30. The LDOS of 3d-orbitals of Co atoms and 2p-orbitals of Se atoms of  (a) 
CoSe2-origin, (b)  CoSe2-x and (c) CoSe2-x-Pt. 
 
 
Figure S7-31. The 3D charge density differences and bader charge numbers of atoms in 
CoSe2-origin intermediates with OH* (a), O*(b), and OOH*(c), respectively. 
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Figure S7-32. The 3D charge density differences and bader charge numbers of atoms in 
CoSe2-2v intermediates with OH* (a), O*(b), and OOH*(c), respectively. 
 
 
Figure S7-33. The 3D charge density differences and bader charge numbers of atoms in 
CoSe2-2v-Pt intermediates with OH* (a), O*(b), and OOH*(c), respectively. 
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Figure S7-34. The bader charge numbers of atoms in CoSe2-x-Ni (σ=0.052). 
 
 
 
 
Figure S7-35. The bader charge numbers of atoms in CoSe2-x-Ru (σ=0.058).  
 
 
183 
 
 
 
Figure S7-36. Energy profile, electron charge distribution and bader charge numbers of 
atoms of CoSe2-x-Ni intermediates with OH*, O*, and OOH*, respectively. 
 
 
Figure S7-37. Energy profile, electron charge distribution and bader charge numbers of 
atoms of CoSe2-x-Ru intermediates with OH*, O*, and OOH*, respectively. 
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8.1 Conclusions 
To summarize, in terms of crystallography, defects can be considered as any inhomogeneous 
component in a material, including atom and ion vacancies, metal or non-metal atoms 
substitution in zero dimensions, asymmetrical surface or multiphase interface in higher 
dimensions, and so on. The defects can not only effectively tune the surface and electronic 
structures of the defective materials, but also serve as the anchoring sites to stabilize single 
non-metal or metal heteroatoms, so as to tune the catalytic activities of the materials for 
various electrochemical reactions (HER, OER and ORR). This project tends to develop 
highly active OER catalysts based on 2D materials through delicate defect engineering, verify 
the active site coordination, and study the catalysis mechanism of defects and heteroatom 
doping on OER. From the studies presented in the thesis, conclusions can be drawn as 
follows.  
Firstly, the NaBH4 fast reduction strategy can be a universal strategy to prepare the ultrathin 
TMO nanosheets with abundant Vo. Specifically, the abundant Vo and atomically thin sheets 
endow the Fe1Co1-ONS with promising OER activity. At η=350 mV, Fe1Co1-ONS shows an 
OER current density of 54.9 A g-1, which is 5.7 times that of Fe1Co1-ONP and 5.8 times that 
of commercial RuO2. But as the Vo are in-situ created, their density can hardly be tuned. 
Secondly, the Vo density on Fe1Co1Ox can be controlled by H2 thermal treatment at different 
temperatures and H2 pressures. The optimal Vo density is the key to improve OER activity, 
as it can promote the adsorption of OH- onto nearby low-coordinated Co3+ sites, and be 
beneficial for the formation of intermediates (O*, HO* and HOO*). But excess amount of Vo 
will lead to the dissociation of adsorbed intermediates and the subsequent deterioration of 
OER performance. The H2 thermal treatment at 200 oC under 2.0 MPa can introduce the 
optimal Vo density onto Fe1Co1Ox, and therefore Fe1Co1Ox-200 oC-2.0 MPa shows an OER 
mass activity 2.0 times of Fe1Co1Ox-origin.  
Thirdly, to stabilize the Vo during the highly oxidizing OER process, filling them with non-
metallic elements of different electronegativities and atomic radiuses can be a feasible 
strategy as it can compensate the coordination number. Particularly, the loading of S species 
in Vo and formation of extra Vo through thermal treatment can most effectively modulate the 
local electronic structures of Co sites, and significantly improve the OER activity of FeCoOx. 
The water electrolyser using FeCoOx-Vo-S and CoP3/Ni2P-D as anode and cathode catalysts 
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can deliver the current densities of 245.0 mA cm-2 and 406.0 mA cm-2 at the cell voltage of 
2.0 V and 2.3 V, respectively, well meeting the requirement of industrial water splitting. 
Finally, the vacancy creation and heteroatom doping strategies are applicable in improving 
the OER activity of other nonprecious metal catalysts. The Vse can be created during the 
exfoliation of bulk CoSe2 by Ar plasma to CoSe2-x nanosheets. Then the Vse can stabilize the 
single Pt to form atomically coordinated Pt-Co-Se moiety. The filling of single Pt could 
induce highly asymmetrical electronic distribution on CoSe2 matrix, leading to its remarkably 
improved OER catalytic activity.  
In this PhD thesis, through the extensive study of Vo and Vse, and the functionalization of 
these defects in the OER catalysis, we obtain new understanding of the defect mechanism in 
electrocatalysis, and methods to further enhance the activities of the defects. To date, the 
OER activity of FeCoOx-Vo-S has been exceeded the commercial noble catalyst (RuO2) by 
25 times, and almost all the reported OER catalysts. The defect engineering strategies 
developed in this strategy can be general approaches for stabilizing a guest heteroatom 
species at reaction interface of host matrix (like metal selenides and metal sulfides), and pave 
a new route for the development of highly active and stable electrocatalysts.  
8.2 Recommendations 
Even numerous research achievement have been made in the investigation of the defects of 
electrocatalysts, several important challenges still need to be addressed, which deserve 
continuous attention for the exploration of defect engineering on electrocatalysts. 
(1) Because the energy barriers of different electrochemical reactions would be distinct, it is 
highly desirable to prepare the electrocatalysts with only one type of defect as the active site 
to maximize the catalytic process and avoid the side effects. In this way, the fundamental 
relationship between the defects and activity can be elucidated. However, it is still an obstacle 
to control the defect types during the synthesis. Therefore, new synthetic strategies should be 
developed to precisely control of defect type and defect density.   
 (2) Although abundant catalysts with defects show desirable performance stability in various 
electrochemical reactions, it is not sure whether the defects are damaged (reconstructed) 
during the harsh reaction conditions or not. Therefore, it is necessary to track the possible 
evolution of defect-based moieties so as to reveal the real role of defects in the various 
electrocatalytic reactions.  
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(3) More accurate and advanced in-situ characterization tools (e.g. in-situ XAS, XRD and 
TEM) should be applied for the real-time observation of defect evolution during the 
electrocatalysis, so as to ambiguously reveal the role of the defects.   
(4) The synthesis of heteroatom species-host matrix defective electrocatalysts is complex and 
low-yield, which is not feasible for the large-scale commercial production. Therefore, a cost-
effective large-scale production method of defective electrocatalysts is indispensable for 
industrial application.  
All in all, it is believed that the fundamental understanding of the role of defects in catalysis, 
as well as the continuous research on defect engineering should undoubtedly improve the fuel 
economy, boost the H2 energy application, and reduce harmful emissions. 
 
